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ABSTRACT 
TRANSMISSION OF THE GYPSY MOTH NUCLEAR POLYHEDROSIS VIRUS: 
THEORY AND EXPERIMENT 
FEBRUARY 1997 
VINCENT D’AMICO III, B.A., CONCORDIA COLLEGE 
Ph.D, UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Joseph S. Elkinton 
We used the nuclear polyhedrosis virus (LdNPV) of the gypsy moth, Lymantria 
dispar (Lepidoptera: Lymantriidae), to test a basic assumption of most models of 
disease dynamics; that the rate of horizontal transmission is directly proportional to the 
product of the densities of healthy larvae and virus. We made measurements of virus 
transmission, using small-scale experiments in bags on red oak (Quercus rubra) and 
black oak (Q. velutina) and observed a decline in the transmission constant as the 
densities of both healthy larvae and pathogen increased. We hypothesized two 
possibilities for the non-linearity observed in this system: 1) pathogen inhibition via the 
effects of induced foliage chemistry and 2) the effect of spatial heterogeneity of LdNPV 
(pathogen clumping effects). 
Previous work has linked larval damage on oak foliage to subsequently higher 
levels of tannins in damaged leaves; and laboratory bioassays have linked higher levels 
of tannins to a decrease in mortality caused by LdNPV. We damaged LdNPV- 
VI 
contaminated oak foliage using larvae, then bioassayed foliage with test larvae and 
measured tannins in damaged leaves. None of the experiments showed significant 
effects of foliage damage on mortality of test larvae or tannin content of damaged 
leaves, and we concluded that induced foliage responses cannot explain non-linearity of 
transmission in our previous work, or transmission dynamics in the field. 
To evaluate the role of pathogen clumping in transmission dynamics, we 
redefined parameters of the host-parasitoid model of Nicholson and Bailey (1935) for 
use in the gypsy moth-LdNPV system: a relationship between the assumptions of this 
model and the continuous time Anderson-May model was described. Using a version of 
this discrete-time model incorporating spatial heterogeneity, we observed transmission 
dynamics similar to those in field experiments. 
To evaluate safety issues in use of genetically altered baculoviruses as 
insecticides, we field-tested LdNPV that had been genetically-engineered for non¬ 
persistence. The EV was released in a forest setting, and did not persist or spread past 
the first year of release. Concerns regarding movement of baculoviruses were also 
addressed in experiments exploring the action of rainfall on the translocation of 
LdNPV. 
Vll 
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CHAPTER I 
VIRUS TRANSMISSION IN GYPSY MOTHS IS NOT A SIMPLE MASS ACTION 
PROCESS 
Introduction 
Mathematical disease models are widely seen as useful tools in the 
understanding of disease dynamics in animal populations (Holt 1994). The usefulness 
of such models, however, is limited by a lack of experimental tests of important 
assumptions. Of particular importance is the so-called "mass-action" assumption, the 
assumption that transmission is strictly proportional to the product of the densities of 
healthy and infected larvae. Mathematically, this assumption can be written as 
— oc SP (1.1) 
dt 
Here dl/dt is the rate of increase in the infected population, S is the density of 
susceptible individuals, I is the density of infected individuals, and P is the density of 
the pathogen. Since the rate of transmission is linear with respect to both the densities 
of healthy individuals and the density of the pathogen, the functional form of equation 1 
is known as "bilinearity". Equation (1.1) is appropriate to the insect diseases that we 
study; more conventional disease models, such as human disease models, substitute / 
for P in the right-hand side of equation (1.1). 
1 
This equation originally comes from the work of Kermack and McKendrick 
(1927), who in turn based their models on the mass action equations of chemical 
reactions. In such models, the rate of reaction between two chemical species is 
proportional to the product of their respective concentrations. 
The functional form of transmission embodied by equation (1.1) is critical to our 
understanding of disease dynamics, and is common to the vast majority of mathematical 
disease models (Anderson & May 1978, 1979, Levin & Pimentel 1981, Murray et al. 
1986, Brown 1984, Andreasen 1989, Hochberg & Holt 1990). Moreover, there is 
increasing evidence that modifying this assumption greatly changes disease dynamics. 
For example, Liu et al. (1986) and Hochberg (1991) independently showed that adding 
exponents to the densities S and I in conventional disease models, so that 
— xSaPb (1.2) 
dt 
can lead to more complicated dynamics than those generated by the corresponding 
bilinear version of the same models. Anderson and May (1992) catalog more 
mechanistic alternatives to equation (1.1), showing, for example, that age structure and 
genetic heterogeneity can lead to changes in the frequency and intensity of disease 
epizootics in human populations. 
In spite of the demonstrated importance of equation (1.1), experimental tests of 
the assumption that it represents are rare (but see Dwyer 1991). Part of the reason for 
this rarity is that experimentally tractable animal host-pathogen systems are uncommon. 
Here we use the nuclear polyhedrosis virus (NPV) of the gypsy moth, Lymantria dispar, 
2 
to test equation (1.1). NPVs are directly transmitted, fatal pathogens of insects, and 
make ideal field experimental systems (Dwyer 1992). Diseases in particular have been 
implicated as the mechanism driving the dynamics of various forest insects (Anderson 
and May 1981); the evidence, however, is heavily dependent upon mathematical models 
that in turn depend upon the largely untested assumption of equation (1.1) (Briggs et al. 
unpublished manuscript). A parallel may be drawn between the mass-action assumption 
in disease models, and the assumption of random search by parasitoids in early host- 
parasitoid models (Thompson 1930, Nicholson & Baily 1935). These host-parasitoid 
models were later modified to include the effects of changes in parasitoid searching 
efficiency (Hassell & Varley 1969, Hassell 1978), variation in host susceptibility 
(Hassell & Anderson 1984), mutual interference (Hassell 1971, 1978), and non-random 
search effects (Hassell & May 1973, 1974; May 1978). Similarly, changes in larval 
behavior at high densities, variation in the susceptibility of gypsy moth larvae to virus, 
and non-random larval feeding patterns may act to violate the mass-action assumption. 
By explicitly testing equation (1), we hope to shed light upon the usefulness of 
mathematical models for understanding disease dynamics, not just in insects but in 
animal hosts in general, including humans. 
Part of our motivation for questioning the validity of equation (1.1) is based 
upon earlier efforts in our lab to predict the timing and intensity of gypsy moth 
epizootics within a season (Dwyer and Elkinton 1993). Dwyer and Elkinton used a 
simple mathematical model based closely upon Anderson and May's (1981) insect host- 
pathogen model, in conjunction with estimates of transmission from a small-scale 
3 
experiment. Given the number of factors that have been shown to influence 
transmission (reviewed in Dwyer 1991), the model was surprisingly successful, in that 
its predictions for epizootic intensity in high density populations were very close to field 
data from natural populations in 4-9 ha plots. The model was thus able to extrapolate 
from small to large spatial scales. In intermediate density populations, however, the 
intensity of epizootics in the model was far less than the intensity in natural populations. 
It was possible to increase the virus transmission rate in the model so that it fit 
sufficiently at all densities, except that the best-fitting transmission rate varied among 
densities. Similar efforts to fit the other model parameters, such as the time between 
infection and death x or the virus decay rate p, did not lead to an improvement in the fit 
of the model to the data, suggesting that the missing factor in the model has something 
to do with the transmission rate. This variability in the fit of the model with respect to 
density suggests that the model neglects some important aspect of NPV transmission. 
In other words, it appears that equation (1.1) may be inaccurate. 
As Dwyer and Elkinton have shown, however, small-scale field experiments can 
be extrapolated to large-scale dynamics. Here we are attempting to extend their 
approach by more thoroughly exploring the effects of density on NPV transmission at a 
small-scale, to see if such effects can explain the failure of the model at larger scales. 
Materials and Methods 
In order to explore the effects of host and pathogen density upon pathogen 
transmission rates, we performed a series of small-scale transmission experiments. The 
4 
basis of these experiments is the creation of short-term, small-scale virus epizootics on 
red oak (Quercus rubra L.) foliage. The time scale is short enough that only one round 
of transmission occurs, and the spatial scale is small enough to allow easy manipulation 
of the larvae. To perform these experiments, we place healthy and LdNPV-infected 
gypsy moth larvae on red oak branches on naturally growing trees. To mimic the most 
important round of LdNPV transmission in nature (Woods and Elkinton 1987), the 
infected larvae are infected shortly after they hatch, while the uninfected larvae are 
reared to the beginning of the third instar before being placed on the foliage. To keep 
the larvae from wandering away from the experimental leaves, we surround the leaves 
with bags made of spun-bonded polyester (Reemay). The Reemay bags admit much of 
the natural spectrum of light, and allow passage of air and water while containing the 
larvae. 
We performed the experiments in the vicinity of Amherst, MA, USA. At a test 
site near the Lawrence Swamp Conservation area we used three red oaks from 20 May 
to 29 May 1990 and eight red oaks from 16 June to 24 June 1992. Five red oaks were 
used from 30 May to 10 June 1991 at a site in Cadwell Memorial Forest. The trees that 
we used in this study were young, healthy, and ranged from 5m to 8m in height. 
On each tree we created four density treatments by varying the number of larvae 
and the number of leaves in each bag. Two of the four bags on each tree contained 40 
leaves and two bags contained 10 leaves. One bag of each leaf density contained 20 
infected first instars, and one contained 5 infected first instars. These larvae were 
infected at hatching with a dose of the gypsy moth nuclear polyhedrosis virus (LdNPV) 
5 
high enough to cause death to all neonate larvae after 4 days at 28° C in the lab, 
followed by ca. 5 days outdoors (Murray et al. 1991). These initially infected larvae 
served as a source of virus to infect the initially healthy larvae. The densities of virus 
that we used correspond to virus densities during virus epizootics (Campbell 1981). We 
chose these densities for logistical reasons; the level of mortality produced had to be 
sufficient to allow us to see analyzable results with a reasonable number of replicates. 
All of the larvae that we used in this study were hatched from egg masses supplied by 
the USD A Otis Methods Development Laboratory. 
When all the infected neonates in the bags were dead, 25 healthy third instars 
were added to each bag. These test insects represented the susceptible population 
within the bag. As a check for the presence of any extraneous virus, the control bag on 
each tree contained ca. 40 leaves and 25 healthy test larvae, but no infected insects. To 
minimize the possible effects of differences between trees, for example in foliage 
chemistry, each tree was a complete replicate containing a bag for each treatment and a 
control bag. Instead of cutting leaves off branches, we chose branches with 10 43 or 40 
4-3 leaves. In this way we hoped to avoid possible induced changes in foliage 
chemistry due to pruning (Rossiter et al. 1988). 
After one week in the field, all of the bagged branches were removed from the 
trees. Test insects were removed and reared individually for two weeks in the lab, in 
cups containing artificial diet (Bell et al. 1981). Larvae were examined for mortality 
weekly, and each dead insect was autopsied under the light microscope at 400x to verify 
virus as the cause of death (Woods & Elkinton 1987). 
6 
For statistical analyses, we used the arcsin square root transform (Sokal & Rohlf 
1981) on the proportion of insects dying in each treatment, and tested differences 
between the treatments with the PROC GLM procedure (SAS Institute 1985) using a 
repeated measures design. The repeated measures design is typically used to account 
for correlation between measurements on a single individual over time. Here we used it 
to account for correlation between simultaneous measurements within the same 
experimental unit (tree); that is, correlation in response between treatments on each tree. 
These statistical procedures were useful in demonstrating that there was an effect 
of host and pathogen density on observed mortality, but unlike equation (1.1) they do 
not specify whether or not the effect of density is linear. To test the bilinearity 
assumption of equation (1.1), and thus the Anderson and May model, we used our data 
to calculate the per host and per pathogen transmission rate. The model (Dwyer & 
Elkinton 1993) that we used for this is 
— = -vPS (1.3) 
dt 
— = vPS - vP(t - r)S(t - r) (1.4) 
dt 
dP 
— = A vP(t - t)S(t -t)-/jP (1.5) 
dt 
where S is the density of susceptible hosts, / is the density of infected hosts, P is the 
density of the pathogen in the environment, v is the transmission constant, t is the time 
between infection and death of the host, A is the number of pathogen particles produced 
by an infected larva, p is the decay rate of the pathogen, and t is time. The model is 
7 
intended to represent the basics of the interaction between insects and their associated 
pathogens. Dwyer and Elkinton (1993) used literature values for t. A, and p, and used 
the same kind of small-scale experiments that we describe here to estimate the 
transmission parameter v. 
We followed Dwyer & Elkinton's methodology in calculating the transmission 
parameter vin equations (1.3-1.5). Since the transmission experiments last for only 7 
days, and the time between infection and death is about 14 days, there is no addition of 
virus after the experiment begins. Dwyer and Elkinton additionally assumed that 
because of the short time scale of this type of experiment, there is no breakdown of 
virus within the bags, so that the virus decay rate ju is effectively zero. This allows 
equations (1.3-1.5) to be simplified to 
^ = -vP^S (1.6) 
at 
where P0 is a constant. Equation (6) can then be solved to give 
S1 - S0e ■vPJ (1.7) 
where S7 is the density of uninfected larvae at the end of the experiment, and S0 is the 
density of uninfected larvae at the beginning of the experiment. Subsequent work by 
Dwyer (unpublished data) has shown that the '’half-life" of LdNPV is ca. 4 days. 
Although the omission of a decay rate does not significantly change any of our results 
or conclusions, we have included a decay rate so that equation (1.7) becomes 
S7 = S0e-^'~e^ (1.8) 
8 
This can be rearranged to the following expression for v 
v =—7—^z-rln 
fo(e~M7 ~ i) L 
(1.9) 
Here S7/S0 represents the fraction of test larvae that are uninfected at the end of 
the experiment, P0 is the initial density of the virus in the environment, v is the 
transmission constant, and ju is the decay rate of the virus. Equation (1.9) allows us to 
calculate the transmission constant vin terms of the fraction of larvae that were 
uninfected at the end of the experiment. 
To estimate the overall transmission coefficient v under each treatment k, we 
computed Fb the average proportion of larvae uninfected in each treatment, and then 
calculated v using equation (1.9) with Fk in place of S/S0 We calculated vfor each 
treatment, rather than for each bag, because doing so minimizes the bias inherent in the 
estimate of a parameter such as v, that is obtained through the use of a non-linear 
transformation. That is, since the calculation of v involves a log transformation, our 
approach leads to a much smaller bias than using a mean per tree transmission 
coefficient. The approximate bias B for our method can be estimated by 
B = 
( „ 2 ^ 
<lk 
\2hj 
(1.10) 
• • 2 
where vis the number of trees in treatment k (16 in all treatments) and q k is the sample 
variance. 
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The approximate bias was estimated for each treatment using equation (1.10). 
Standard errors of the estimated transmission coefficients and correlations among them 
were obtained using the delta method (Rao 1973). These were then used to construct an 
approximate Chi-square Wald test statistic (Seber & Wild 1989) to test the hypothesis 
of equal transmission coefficients across treatments. 
Results 
The proportion of test insects that died from virus increased as foliage density 
decreased and as the density of initially infected larvae increased (Fig. 1.1). Both 
foliage density (F=5.78; df= 1,15; P=.0296) and the density of infected insects (F=14.3; 
df=l,15; p= 0018) significantly affected the proportion of insects dying from LdNPV. 
There was no significant interaction effect between foliage density and the 
number of infected insects (F=.259; df 1,15; P=.6182). These results suggest that 
foliage area has a simple effect on the transmission of virus. The increase in the density 
of virus and uninfected larvae as leaf surface area is reduced leads to a higher 
probability that larvae will encounter and consume a lethal dose of the virus. 
The effects of the density of virus and larvae, however, do not appear to be 
strictly linear, as assumed in equations (1.1) and (1.3)-(1.5). That is, the transmission 
coefficient vin equations (1.3)-(1.5) is a rate constant that is calculated per viral 
inclusion body and per larval host. Under the assumption of mass action embodied in 
the Anderson-May model, it should remain constant over all densities of foliage or 
infected insects. Instead, (Fig. 1.2) demonstrates that the transmission parameter v 
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decreases as densities increase. Mean transmission coefficients in these experiments 
(Table 1) were found to be significantly different using the Wald test (C=l8.686; df 3; 
p=.0003). 
We used data generated during a study by Woods and Elkinton (1987) from 
plots on Otis Air Base in eastern Massachusetts, USA to look for similar effects in 
natural populations. Best fit transmission coefficients for these data were calculated by 
Dwyer and Elkinton (1993). These are plotted against densities of virus and healthy 
insect, together with the mean values from the small scale experiments described above 
(Fig. 1.3). The estimates of the transmission constant v from these two data sets clearly 
show similar tendencies to decline with density. 
Discussion 
What we have shown in this paper is not merely that some aspect of the 
transmission of the NPV changes with density, since that was already clear from Dwyer 
and Elkinton's work. Instead, we have attempted to extend their results by showing that, 
whatever is driving the variability in the transmission coefficient vwith density, it 
appears to be acting in a similar fashion at both the large scale of Woods and Elkinton's 
data and at the small scale of our mesh-bag experiments. Although we have not 
identified the mechanism driving this variability in transmission rate, our results provide 
further support for Dwyer and Elkinton's contention that the large scale dynamics of 
gypsy moth NPV are determined by interactions at a small scale. Ultimately, of course, 
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only further experimentation at a large-scale can determine whether the small-scale 
forces drive the large-scale phenomena. 
Hunter & Schultz (1993) demonstrated that larval susceptibility, a component of 
transmission, declines as defoliation increases (see also Keating et al. 1988). Since in 
our experiments branches in treatments using 10 leaves experienced relatively more 
damage from the 25 test larvae than did treatments with 40 leaves, the decline that we 
observed in the transmission constant with density may be explained by Hunter and 
Schultz’s results. The effects of this kind of variability in transmissibility upon virus 
dynamics have not been explored theoretically. Foster et al. (1992), however, observed 
that the related effect of a decline in larval virus mortality with increasing larval density 
can alter the possibility that disease can cause cycles in gypsy moth populations. 
Another possibility is that small scale virus clumping or small scale larval 
behavior, or a combination of the two, may explain the decline in our estimates of the 
transmission parameter vwith density. That is, equations (1.3-1.5) are based upon the 
assumption that clumping is of little importance, but in fact the virus may be clumped. 
Although we are not aware of any attempts to mechanistically model the effects of 
pathogen clumping upon disease transmission rates (but see Briggs and Godfray 1995), 
it is well known that clumping can reduce the overall attack rate of parasitoids in host- 
parasitoid models (e.g. May 1978, Hassell 1982). Similarly, host densities may affect 
mortality. Although it is known that gypsy moth behavior changes at different densities 
(Lance 1987), we do not yet understand how these behavioral changes (e.g. foliage 
consumption rates) translate into changes in transmission rates. 
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A final possible mechanism has to do with host susceptibility. The mass-action 
process embodied by the Anderson and May (1981) model does not take into account 
differences in disease susceptibility among insects; variability in virus susceptibility in 
gypsy moth larvae may also account for the observed decline in transmission 
coefficients with density (A. Sharov, personal communication). Such effects are known 
to have significant effects upon the dynamics of human disease models (Anderson and 
May 1992); in particular, variability in sexual activity has important consequences in 
the dynamics of AIDS models (Anderson et al. 1986). 
In short, there are a variety of possible mechanisms that could underly the kind 
of non-bilinear transmission that we have observed for gypsy moth NPV. Few of these 
have been investigated either theoretically or empirically for insect pathogens. Indeed, 
the fact that our data lead us to similar conclusions as Dwyer and Elkinton suggests that 
what is needed at this point is not just immediate further experimentation but first a 
theoretical cataloguing of mechanisms that 1) could lead to higher transmission rates at 
lower densities, and 2) could operate at both large and small spatial scales. 
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Table 1.1. Mean transmission coefficients v, standard errors, and biases for each 
treatment in small-scale field experiments. Biases are calculated as a proportion of v, 
using equation (1.10). The number of leaves (leaf) and the numbers of cadavers (cad.) 
Treatment Mean Transmission 
Coefficient 
Standard Error Approximate 
Bias 
40 leaf/20 cad. 6.53 x 10'12 1.3 x 10‘12 0.04 
40 leaf75 cad. 1.31 x 10'n 3.3 x 10'12 0.03 
10 leaf/20 cad. 2.12 x 10'12 3.81 x 10'13 0.04 
10 leaf/5 cad. 5.1 x 10'12 1.0 x 10'12 0.03 
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Figure 1.1. The effects of foliage density (F=5.78, df=l,15, p=.0296) and the density of 
virus-killed larval cadavers (F=14.3, df=l,15, p= 0018) on the proportion of healthy test 
larvae infected with LdNPV, after one week inside mesh bags on red oak foliage. 
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Figure 1.2. Transmission coefficients estimated from equation (1.5) plotted against the 
densities of susceptible larvae and virus-killed larval cadavers inside mesh bags on red 
oak foliage. 
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Figure 1.3. Transmission coefficients estimated by Dwyer and Elkinton (1993) from 
data on weekly mortality from LdNPV in a naturally occurring population (Woods & 
Elkinton 1987), and mean transmission coefficients from small scale experiments in 
mesh bag. 
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CHAPTER II 
THE EFFECTS OF FOLIAGE DAMAGE ON TRANSMISSION OF THE GYPSY 
MOTH NUCLEAR POLYHEDROSIS VIRUS 
Introduction 
Numerous studies have shown that foliage damaged by herbivores changes in 
ways that can influence herbivore growth or survival. Foliage quality changes due to 
herbivory, often called induced responses, have been described for many insect-host 
systems (Green & Ryan 1972, Caroll & Hoffman 1980, Rhoades 1983, West 1985, 
Rossiter 1992, Baldwin 1994). One of the most prominent examples of induced 
responses is provided by changes in the foliage quality of oaks (Quercus spp.) following 
herbivory by the gypsy moth, Lymantria dispar (L.) (Schultz & Baldwin 1982, Schultz 
et al. 1990, Rossiter et al. 1988). The gypsy moth is a polyphagous forest lepidopteran 
that occurs throughout the northern hemisphere. It was introduced into North America 
in 1868, where it is presently considered the most important hardwood defoliator. The 
various species of oak are among its preferred hosts. Oaks have served as models for 
many studies of induced responses, (e.g. Feeny 1968, 1970; Feeny & Bostock 1968; 
West 1985, Faeth 1985, 1990, 1992a, 1992b); and the oak-gypsy moth system has been 
used in the induced response studies of Schultz & Baldwin (1982), Baldwin & Schultz 
(1983), Keating sensu latu, Rossiter et al. (1988), Hunter & Schultz (1993, 1995), and 
Schultz et al. (1990). The secondary defensive compounds of oaks are mostly phenolics 
such as tannins (Feeny 1968), which are water-soluble polymers with phenolic groups. 
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Tannins are implicated as important in plant-herbivore interactions because of their 
ability to bind with a wide variety of proteins (Feeny 1968, 1970), although the impact 
of this protein-binding on nutrient availability has been questioned (Bemays 1981; 
Berenbaum 1983; Martin & Martin 1984; Karowe 1989). The major tannins present in 
oaks are usually divided into two groups; 1) the condensed tannins or 
proanthocyanidins, flavonoid polymers composed of anthocyanidins joined by carbon- 
carbon bonds; and 2) the hydrolyzable tannins, acid esters of glucose or other polyols. 
Tannins have received intense scrutiny partly because of their suitability for chemical 
assays, (Karban & Myers 1989), although the appropriateness of various analyses for 
tannins has been debated (Hagerman & Butler 1989, Mole et al. 1989, Cork & 
Krockenberger 1991). 
Schultz & Baldwin (1982) showed that hydrolyzable tannins are higher in leaves 
from red oak (Quercus rubra L.) trees that have experienced significant levels of 
defoliation by the gypsy moth. This pattern was verified by Rossiter et. al (1988), who 
showed that defoliated trees have elevated tannin levels, and that these high tannin 
levels reduce gypsy moth growth rates. Oak foliage chemistry has also been shown to 
influence whether or not gypsy moths die of the gypsy moth virus in the lab. By 
feeding third instar gypsy moths foliage from different tree species dosed with virus, 
Keating & Yendol (1987) showed that significantly lower levels of mortality occur 
among larvae fed virus on red oak or red maple, compared with larvae fed pitch pine or 
quaking aspen. Virus mortality levels in these laboratory bioassays are linked to the 
hydrolyzable tannin content and pH of foliage (Keating et al. 1988), but not necessarily 
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to the condensed tannin content or protein binding (Keating et al. 1990). The virus- 
inhibiting effects of tannins thus appear to be a function of their protein-binding 
capabilities. One possible explanation for these effects is that tannins can prevent 
infection by clumping the proteinaceous polyhedral occlusion bodies that surround 
virions (Keating et al. 1988, Keating et al. 1990, De Veau & Schultz 1992). 
Given that higher tannin levels can reduce virus mortality in gypsy moths, and 
given that defoliation can induce higher tannin levels, one might expect that defoliation 
could lead to reduced virus mortality. Hunter and Schultz (1993) looked for such an 
effect by quantifying mortality due to virus in larvae fed virus on foliage from trees that 
had experienced different levels of defoliation. They showed that virus mortality is 
negatively correlated with defoliation levels, and that tannin levels are higher in more 
heavily defoliated trees. Foster et al. (1992) proposed a simulation model in which 
induced changes in foliage chemistry are the key to changes in levels of larval virus 
mortality; in this model, as in the verbally-stated model of Rossiter (1992), the between- 
year effects of leaf chemistry on mortality are used to explain the occurrence of gypsy 
moth outbreaks. 
Interactions between larval density, defoliation, and tree phenology probably 
make transmission in the field quite different from transmission in laboratory 
experiments. During epizootics in naturally-occurring populations, larvae in the second 
and third instars consume foliage contaminated by virus-killed first instars. This 
process begins in late May. These second and third instars begin a second wave of 
larval mortality in mid-June; larvae dying at the beginning of the second wave infect 
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other larvae, and these die at the end of the second wave just before pupation (Woods & 
Elkinton 1987). At some point late in the 5th instar, ingestion of NPV occurs too late to 
cause mortality (Briese 1986); few if any gypsy moths die from NPV after pupation 
(Murray et al. 1991). In western Massachusetts, the process of virus transmission in 
high density populations is finished by late June; in warmer climates this process is 
finished earlier, and in colder or maritime climates later. The timing of virus 
transmission thus has important consequences when considered against the timing of 
induced responses and tree phenology. It is not well-understood whether the induction 
response in oaks is confined to May and June in the northeastern U.S.A., to the first few 
weeks of foliage expansion, or to any other specific time period. However, several 
important studies (Schultz & Baldwin 1982, Hunter & Schultz 1993, Hunter & Schultz 
1995) show the strongest induction responses only after the end of June. Faeth (1992a) 
and Schultz and Baldwin (1982), have also measured allelochemicals present in 
“refoliated” foliage (leaves produced by trees that have been defoliated earlier in the 
same season). While the components of replacement leaves may impact on herbivore 
guilds feeding on oaks later in the season (Hunter & Schultz 1995), such leaves 
typically appear during or after gypsy moth pupation, and therefore cannot have any 
influence on virus transmission in the gypsy moth. The experiments we present here 
were done at various times in May and June in an attempt to cover various possibilities 
in the timing of induced responses. Two of our field experiments were done in late May 
to coincide with those of Hunter & Schultz (1993). 
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As discussed, previous work on the relationship between oak tannin levels and 
gypsy moth virus mortality has been based on laboratory bioassays of larval virus 
mortality. In this paper, we present the results of virus transmission experiments in 
which we tested for an effect of oak defoliation on gypsy moth virus mortality in the 
field. To relate our findings to previous studies, we also performed laboratory bioassays 
in conjunction with our field research. Our experiments were motivated by our previous 
work (D’Amico et al. 1996), in which we used field experiments to show that virus 
transmission decreases with the density of healthy host insects. These results could be 
explained by the effect of induced responses on virus transmission. High densities of 
gypsy moths would be associated with greater levels of defoliation, which would lead to 
higher levels of induced tannins, which would in turn reduce the mortality caused by 
virus. Here we present the results of experiments designed to test this hypothesis. 
Materials and Methods 
Previous studies of the effects of defoliation on virus-caused mortality correlated 
virus mortality with natural levels of defoliation (Hunter & Schultz 1993). In an effort 
to more rigorously test whether defoliation is causally related to virus transmission, we 
have used field experiments in which we measured virus transmission in the presence 
and absence of experimentally-produced defoliation. The basic design of these 
experiments was to allow healthy larvae to feed on oak foliage that had been 
contaminated with virus-infected cadavers for one week, and then rear them 
individually in the lab. By varying the extent and timing of defoliation of the trees on 
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which the healthy larvae fed, we can test whether or not defoliation affects virus 
transmission. Our experimental approach has the advantage that we can control timing, 
level of defoliation, and the density of virus. In order to be thorough, we repeated the 
basic experiment under several different defoliation regimes, at different times in May 
and June, and under several different levels of initial virus densities. Here we first 
describe details that are common to all of our field transmission experiments, and then 
explain the details of particular experiments. 
Study Sites 
For our foliage damage experiments in 1993, we used mature black oak trees 
(Quercus velutina L.) ca. 7m tall on the Otis Air National Guard Base (Otis ANGB) in 
Cape Cod, Massachusetts. The forest containing these trees was predominantly 
composed of black oak, white oak (Quercus alba) and pitch pine (Pinus rigida) trees 
from 7-10m in height. No defoliation from gypsy moth or any other insect had occurred 
on these trees since 1986, although this forest is highly susceptible to gypsy moth 
outbreaks (Liebhold & Elkinton 1990). 
For our experiments in 1994 and 1995, we used 4-6m high red oak (Quercus 
rubra L.) saplings in Cadwell Memorial Forest in Pelham, Massachusetts; to the best of 
our knowledge these trees had not been defoliated by any insects since 1981. These 
trees were typically in full sunlight along clearings or next to a logging road. The 
overstory trees in this forest are predominantly red oaks (Quercus rubra L.) and red 
maples (Acer rubrum L.), plus a small fraction (<10%) of black and white oaks. 
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Field Studies 
Virus epizootics in natural populations begin when larvae become infected in the 
process of hatching out from contaminated egg masses (Murray et al. 1991). For this 
reason, we used infected first instars to contaminate foliage and provide a source of 
virus to infect the healthy test larvae in our field experiments. Upon hatching, the first 
instars were droplet-infected or placed on diet contaminated with a dose of the gypsy 
moth nuclear polyhedrosis virus sufficient to cause death to all neonate larvae. We held 
these larvae for 5 days at 28° C in the lab (just before death), followed by ca. 5 days on 
foliage outdoors; all larvae were dead at the end of this time. These initially infected 
larvae, and all others used in our experiments, were of the laboratory-reared New Jersey 
strain maintained by the USDA, APHIS Otis Methods laboratory (Otis ANGB, Cape 
Cod MA). 
Infected first instars were confined on tree foliage in spun-fiberglass mesh bags 
(Kleen Test Products, Milwaukee WI) for ~5days or until dead. Such bags have no 
measurable effect on the concentration of phenolics or hydrolyzable tannins (Rossiter et 
al. 1988, Hunter & Schultz 1993). Once the initially infected larvae were dead, we 
added healthy larvae to the bags. These healthy larvae were allowed to feed in the bags 
for one week, and then the bags were cut down, and the larvae were removed to 
individual diet cups in the lab (Bell et al. 1981). The larvae were reared in the lab for 
two weeks, and any that died were autopsied under a light microscope at 400X to 
determine if they were infected with the virus. The fraction of the initially healthy 
larvae that were infected served as our measure of transmission. 
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We tested for naturally-occurring virus on the foliage that the initially healthy 
larvae fed on by putting a bag on foliage on experimental trees, or trees within 10 m. 
These virus control bags contained only healthy larvae, and no virus-infected cadavers. 
Because we were careful to perform our experiments in areas where there were no 
indigenous gypsy moths, there was almost never any virus infection in any of these 
bags, and the maximum virus infection rate never exceeded 3%. Consequently, we will 
make no further mention of these controls. 
Transmission experiments 1 and 2: field tests on black oak, damage prior to test 
In our first two experiments, we manipulated defoliation before transmission 
began. That is, we used the protocol that we described above to establish one bag of 
virus-contaminated foliage on each of 14 black oak trees. We then partially defoliated 
seven of these bags by adding uninfected fourth instars for two days, which was 
sufficient to cause 30-65% defoliation in these bags (the DAMAGE treatment). No 
fourth instars were put into the other 7 bags (the NO DAMAGE TREATMENTS). By 
causing defoliation to occur after the virus was added to the bags, we were able to 
remove foliage from the bags without altering the density of virus per unit foliage. 
After the fourth instars were removed and discarded, we followed our standard protocol 
by adding 25 healthy third instars to each bag, and allowing them to feed for a week 
before removing them to the lab. The two experiments differed only in that 
transmission began in the first experiment on 15 June 1993, while transmission began in 
the second on 18 June 1993. Because small changes in oak phenology can have 
25 
significant effects on oak foliage chemistry, we have chosen to describe these two 
repetitions as two different experiments. 
To test for differences between mean mortality observed in the DAMAGE and 
NO DAMAGE treatments, we compared the fractions dying in the treatments using a 
Wilcoxon signed rank test. 
Transmission experiment 3: field tests on red oak, foliage damaged prior to test 
Our third experiment differed in several important ways from the first two. 
First of all, transmission in this experiment began on 25 May 1994. Second, because 
naturally-occurring gypsy moths had only reached the second instar by this date, the 
initially healthy larvae that we used to measure transmission were in the second instar 
instead of the third instar. Third, we adjusted the defoliation regime by increasing the 
amount of defoliation on the trees that experienced defoliation, and by adding a 
treatment. As in the first two experiments, we established an non-defoliated treatment, 
and a defoliation treatment by allowing 40 fourth instars to feed on the foliage in one- 
third (15) of the virus-containing bags, and then replaced these larvae with healthy 
larvae two days later in order to measure transmission. In addition, however, we 
elevated overall tree-wide levels of defoliation on these 15 trees by placing an additional 
three bags with forty fourth instars elsewhere on the same trees, larvae which were 
again discarded after two days. Also, by adjusting the number of fourth instar larvae in 
each of these bags at the beginning of the second day of defoliation, we attempted to 
equalize defoliation levels among bags at approximately 50%. The net effect of these 
26 
modifications was that defoliation levels in each of the bags in question was between 35 
and 70%, but between 30% and 50% of the total foliage of each tree was exposed to 
defoliation. 
To determine if natural defoliation would produce results different from 
mechanical defoliation, we added a treatment in which defoliation was imposed by 
cutting leaves with a scissors. To match the natural defoliation treatment, we cut off 
and discarded 50% of the leaves in the remaining 15 of the virus-contaminated bags, 
and also cut off and discarded 50% of forty leaves on each of three additional branches. 
This treatment (CUT treatment) was therefore equivalent to 50% defoliation over 30% 
to 50% of each tree. 
To test for differences between mean mortality in each treatment, the fraction of 
insects dying in each bag was transformed using the arcsin square root transformation 
(Sokal & Rohlf 1980) and the treatments were compared with a one-way ANOVA (SAS 
Institute 1985). 
Transmission experiment 4: field test on red oak, tree-wide foliage damage concurrently 
with test 
This experiment differed from experiment 3 in that 1) the DAMAGE treatment 
trees were more thoroughly damaged, 2) the damage on the DAMAGE treatment trees 
was done over a period of time beginning 5 d before virus transmission and extending 
through the 1 w period of virus transmission and 3) to minimize the unavoidable 
feeding damage by test larvae, the 25 test larvae on the NO DAMAGE treatment trees 
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were divided into groups of 5 larvae in 5 bags (Fig. 2.1). On 30 May 1995 healthy 
second instars were placed in the test bags on the fifteen DAMAGE treatment trees and 
the fifteen NO DAMAGE treatment trees. On 3 June 1995, we ripped in half any leaves 
on the DAMAGE treatment trees that were not enclosed in one of the five bags, so that 
all leaves on the trees were damaged. Statistical methods used were the same as for 
experiment 3. 
Transmission experiment 5: effects of insect density on virus transmission 
Our fifth transmission experiment was designed as a straightforward test of the 
effect of healthy insect density on virus transmission. These might include effects that 
have nothing to do with changes in chemistry. Unlike the previous 4 experiments, we 
did not directly manipulate defoliation in this experiment, although an increased density 
of healthy test larvae translates into an increased amount of foliage damage during the 1 
w transmission period. We set up our initially-infected first instars on 5 branches on 6 
trees, keeping the ratio of infected first instars:leaves at 40:80 in all bags. On 12 July 
1994 we confined 10, 20, 40, 80, or 160 third instars on five of the branches of each tree 
to create five different densities of healthy larvae. There was one control bag at each 
treatment density. 
To test for differences between mean mortality in each treatment, the fraction of 
insects dying in each bag was transformed using the arcsin square root transformation 
(Sokal & Rohlf 1980) and the treatments were compared with a two-way ANOVA 
(SAS Institute 1985). 
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Tannin levels in naturally-defoliated red oaks 
In an effort to find evidence of induction responses in trees that were defoliated 
by naturally-occurring populations of gypsy moth, we measured tannin levels in 
defoliated and undefoliated trees in areas of high larval density. These measurements 
were taken when the gypsy moth larvae at these sites were in the 5th and 6th instars and 
the pupal stage. On 29 June 1995 we located a red oak stand with patchy defoliation in 
Southborough, MA, on a ridge top near Route 90 (the Massachusetts Turnpike. We 
collected 5 leaves from each of 10 mature red oaks that had been severely defoliated 
(~90%), and from 10 trees on the same ridge that had been only slightly damaged (~5- 
10% defoliation). The patchiness of the defoliation allowed us to choose defoliated and 
undefoliated trees from the same hectare of forest. We immediately placed these leaves 
on dry ice and froze them at -70° C when we returned to the laboratory. The same 
collection procedure was performed on 20 red oaks on 6 July 1995, at a patchily 
defoliated ridge top in Bellingham, MA. Tannin levels in collected leaf samples were 
determined as described in the section on tannin assays below. 
Laboratory Bioassays With Leaf Disks 
Although we feel that field experiments are a vital part of assessing the overall 
importance of different factors to the transmission process, laboratory bioassays often 
allow for less “noisy” measures of transmission. In addition, performing experiments 
with virus-dosed leaf disks enabled us to better compare our results with those of other 
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researchers using laboratory assays. We here describe the methods common to both leaf 
disk bioassays, followed by a brief description of the methods that differed. 
We used the same enclosed foliage that was used to test transmission in 
experiments 3 and 4 for our leaf disk bioassays. This gave us another measure of 
transmission that could be compared with the transmission occurring in the field. 
When foliage from the field experiments was brought to the lab it was surface-sterilized 
with a 10% sodium hypochlorite solution, and rinsed twice with tap water. Twenty-five 
disks 8 mm in diameter were punched from leaves from trees in each treatment. Twenty 
of the 25 discs were dosed with a 5 pi droplet of a solution of virus in distilled water, 
and the remaining 5 were dosed with 5 pi of distilled water as controls. All disks were 
affixed to a piece of slightly sticky paper tape 0.4 x 3 cm, which was in turn attached to 
a piece of filter paper 5 cm in diameter. The filter paper was moistened and put into a 
plastic petri dish, and the paper tape was bent so that it held the leaf disk ca. 1 cm from 
bottom of the petri dish. One newly molted, starved third instar gypsy moth was placed 
in each petri dish, and the lid was put in place. After 36 hours, larvae with uneaten 
disks were discarded. Uneaten disks were defined as those with uneaten leaf that was 
not directly attached to or covered by the paper tape. All other larvae were reared 
individually on diet, as in the experiments already described. 
Leaf disk bioassav using foliage from transmission experiment 3 
On 1 June 1994, leaves from each of 8 DAMAGE and 8 CUT treatment 
branches from the red oak field experiment (transmission experiment 3) were assayed. 
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An additional 16 red oak trees at the Cadwell site were divided into INDUCTION 
CONTROL and NEWCUT treatment groups for use in this leaf disc bioassay. One 
branch was chosen on each of the 8 trees used in the INDUCTION CONTROL 
treatment; these branches were not treated or disturbed in any way. The branches on the 
8 trees used as the NEWCUT treatment had their leaves cut in half diagonally 8 hours 
before being used in the bioassay. The NEWCUT treatment was designed to detect 
induction effects that might be rapidly occurring or ephemeral in nature. Several leaves 
from each of the four treatments were frozen at -70° C for use in the tannin assay 
described below. Statistical methods used were the same as for experiment 3. 
Leaf disk bioassav using foliage from transmission experiment 4 
On 5 June 1995, we prepared leaves from 10 DAMAGE and 10 NO DAMAGE 
trees in the manner described for the bioassay above. In addition, 10 trees within ~50 m 
of those used in the field experiment were chosen as INDUCTION CONTROLS; these 
trees were essentially undamaged (<3% defoliation from various forest insects). 
We performed this bioassay using the same methods as in the bioassay above, 
except that starved third instars were fed the leaf disks while in small diet cups with a 1 
cm piece of moistened dental wick, and each leaf disk was dosed with 5pl of a solution 
of virus OBs containing 5x106 OBs/ml. 
Tannin measurements. Leaves from the trees used in red oak field tests in 1994 
and 1995 and the naturally defoliated sites described above were placed on dry ice in the 
field and frozen at -70° C within 1 hr after being removed from branches. The leaves 
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were later freeze-dried, ground through a 0.25mm screen, and stored in sealed 
containers over silica gel at -70° C until analyzed. 
We extracted 50 mg of each sample with 10 ml of 70% acetone at 45° C for 15 
minutes in a test tube flushed with nitrogen. The acetone was evaporated with a stream 
of N2, and water was added to give a volume of 10 ml. The contents were and 
centrifuged to separate particulates from the supernatant. 
Total phenolics were determined using the Folin-Denis procedure (AOAC 
1990), except that sodium carbonate was used as a 28% solution. Hydrolyzable tannins 
were analyzed using a modification of the procedure described by Bate-Smith (1977). 
Plant extract (0.5ml) was added to 4.5 ml cold KI03 solution. This was vortexed and 
placed in an ice water bath for 40 minutes. The samples were then allowed to sit at 
room temperature until maximum absorbance at 550 nm was reached, 10 minutes in the 
case of the sample, and 20 minutes in the case of the standard. 
Results 
Field Studies 
Transmission experiments 1 and 2: field tests on black oak, damage prior to test 
In the first run of this experiment on black oak, a one-way ANOVA showed no effect of 
chewing damage done to leaves on the transformed proportion of virus-killed larvae, 
i.e., no significant difference in mortality between the DAMAGE and NO DAMAGE 
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treatments (df 1,12; F= 0.00; P = 0.95). Similarly, no significant difference in 
mortality was detected in the second run of this experiment (df 1,22; F = 0.70; P = .41) 
(Pooled results in Fig. 2.2). 
Transmission experiment 3: field tests on red oak, foliage damaged prior to test 
A one-way ANOVA detected no significant differences between the CUT, 
DAMAGE, and NO DAMAGE treatments (df 2,42; F = 2.02; P = 0.15) (Fig. 2.3). 
Transmission experiment 4: field test on red oak, tree-wide foliage damage concurrently 
with test 
A one-way ANOVA detected no significant differences between the DAMAGE 
and NO DAMAGE treatments (df 1,28; F= 0.55; P = 0.4662) (Fig. 2.4). 
Transmission experiment 5: effects of insect density on virus transmission 
A two-way ANOVA revealed no significant effects of healthy insect density on 
larval mortality (df = 4,29; F— 0.2; P = 0.96) (Fig. 2.6), no tree effects (df = 5,29; F = 
1.15; P = 0.36), and no interaction between these two factors. There was a non¬ 
significant trend toward increasing virus mortality with increasing insect density. This 
is the opposite trend from that expected; insects at higher densities cause greater levels 
of defoliation, and induced chemistry effects would be expected to protect them from 
virus mortality. 
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Tannin levels in naturally defoliated red oaks 
At the Southborough MA site, tannin levels in leaves from red oaks in late June 
were not significantly different whether the trees had been severely defoliated or 
essentially undamaged (ANOVA, hydrolyzable tannins: df= 1,18; F= 0.16; P = 0.698: 
total phenolics df = 1, 18; F= 0.32; P = 0.576) (Fig. 2.5). At the Bellingham MA site, 
damaged leaves collected in early July were found to contain higher levels of tannins 
(Fig. 2.5). A one way ANOVA detected significant differences between tannin levels in 
damaged and undamaged leaves for both hydrolyzable tannins (df = 1,18; F= 4.67; P = 
0.044) and total phenolics (df = 1,18; F= 39.51; P < 0.00). 
Laboratory Studies 
Leaf disk bioassav using foliage from transmission experiment 3 
In this experiment, a one-way ANOVA detected no significant differences in 
mean mortality from virus between the CUT, NEWCUT, DAMAGE, and NO 
DAMAGE treatments (df 3,28; F= 0.17; P = 0.92) (Fig. 3B). 
Leaf disk bioassav using foliage from transmission experiment 4 
A one-way ANOVA detected no significant differences in mean mortality from 
virus between the DAMAGE, NO DAMAGE, and CONTROL treatments (df 2,27; F = 
0.56; P = 0.57) (Fig. 4B). 
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Tannin assays 
For transmission experiment 3, a one-way ANOVA could detect no significant 
differences between levels of hydrolyzable tannins in leaves used in the CUT, 
NEWCUT, DAMAGE, and NO DAMAGE treatments (df 3, 28; F= 2.45; P = 0.085) or 
between total phenolics levels in these same leaves (df 3, 28; F= 0.95; P = 0.482) (Fig. 
2.7). Linear regressions of tannin levels in the leaves used in the bioassay against 
transformed mortality in the leaf disk bioassay showed no significant correlation for 
hydrolyzable tannins (df 1, 30; R2 = 0.0005, P = 0.9071) or total phenolics (df 1, 30; R2 
= 0.0001, P = 0.9648) (Fig. 2.8). 
For transmission experiment 4, a one-way ANOVA detected no significant 
differences in hydrolyzable tannin levels between the DAMAGE and NO DAMAGE 
treatments (df 2,27; F= 1.35; P = 0.275); nor were any differences detected in levels of 
total phenolics (df 2,27; F= 1.59; P = 0.222) (Fig. 2.9). Linear regressions of tannin 
levels in the leaves used in the field and bioassay experiments against transformed 
mortality in the field experiment showed no significant correlation for total phenolics 
(df 1, 18; R2 = 0.1, P = 0.173) (Fig. 2.10). There was, however, a marginally significant 
trend for higher mortality of larvae due to virus at higher levels of hydrolyzable tannins 
(df 1, 18; R = 0.159, P = 0.08). Again, this trend is the opposite from that expected, 
based upon a defoliation-induced effect of high density on virus transmission. No 
significant correlation was seen when tannin levels were plotted against transformed 
mortality in the leaf disk bioassay (hydrolyzable tannins: df 1, 28; R = 0.029, P = 
0.369) (total phenolics: df 1,28; R2 = 0.014, P = 0.526). 
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Discussion 
It is certainly the case that damage-induced foliage responses, or any other 
factors associated with the density of susceptible insects, do not explain our earlier 
finding (D’Amico et al. 1996) that transmission rates of virus decline with density of 
cadavers and susceptible insects in mesh bag experiments. Ongoing experiments 
(Dwyer et al. unpublished) have confirmed that it is density of cadavers rather than 
density of susceptible insects that produce these effects. Our results do not support the 
idea that induction responses in oak foliage are important to the transmission of virus in 
gypsy moths. Our tannin assays failed to show any significant induction effects 
resulting from gypsy moth damage done to expanding red oak foliage under our 
experimental conditions. Tannin levels were significantly different between badly 
defoliated and slightly defoliated mature red oaks at one of two naturally-defoliated 
sites. In this case, however, it is not certain whether gypsy moth larvae chose hosts with 
higher levels of tannins or caused higher levels of tannins to occur. 
Although we did not measure tannin levels in our black oak experiment, the 
gypsy moth mortality results indicate that either induction of tannins does not occur in 
black oaks, or does not influence virus transmission, at least under our experimental 
conditions. Similarly, our virus transmission experiments on red oaks did not indicate 
any effects of induced responses on virus-caused mortality, despite the fact that larvae 
acquired the virus by consuming expanding foliage that was still connected to a living, 
healthy tree. This result held whether foliage damage in the experiments took place 
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before (as in 1993, 1994) or during (1995) virus acquisition. In both cases, the results 
of leaf disk bioassays agreed with results of our field tests. Since our virus transmission 
experiments on red oaks were performed when the same instars were present in 
naturally-occurring gypsy moth populations when the first round of virus transmission 
was occuring, we believe that these experiments accurately mimicked field virus 
transmission processes on red oak with respect to foliage age. 
Several previous reviews have focused on the equivocal nature of the evidence 
collected in studies of induced responses (Haukioja et al. 1985, Fowler & Lawton 1985, 
Karban & Myers 1989). In a review of earlier papers on induced responses by Fowler 
& Lawton (1985), careful examination of the statistical methods used in earlier studies 
revealed that in many cases incorrect analyses were used, and in most of the remaining 
studies the induced responses produced effects on herbivores that the reviewers 
characterized as “small”. Others, notably Karban & Myers (1989) have questioned the 
size or importance of changes in herbivores and herbivore behavior due to induced 
responses, especially in relation to the effects of pathogens, parasitoids, predators, and 
weather. 
We do not question the findings that tree species affect virus transmission 
(Keating & Yendol 1987), or that tannin content of foliage may explain differences 
between species. However, we believe that the evidence for induction of tannins in 
oaks is equivocal, especially in the early part of the season (May & June) when 
transmission of LdNPV occurs. Schultz & Baldwin (1982) reported higher levels of 
tannins in July but not mid-June. Rossiter et al. (1988) found no relationship between 
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defoliation and any phenolic measure on defoliated red oak leaves outside of bags 
containing larvae. This was attributed to a difference between simulated tearing damage 
and actual chewing damage. On the other hand, Hunter & Schultz (1993) found that 
defoliation levels inside bags were not correlated to any chemistry measures, although 
they did find a correlation between hydrolyzable tannins and mortality of larvae due to 
virus. In a more recent paper, Hunter and Schultz (1995) reported the mitigating effects 
of fertilization on chemical induction in two oak species. They found that fertilization 
prevented a within-year induction response in the foliage of the chestnut oak (Q. prinus) 
when the foliage of this tree was damaged by gypsy moth larvae, and they saw no 
induced responses in red oaks until after June, when such changes would not 
significantly affect gypsy moth virus transmission. Faeth (1985) reported no significant 
differences in hydrolyzable tannin contents between insect-damaged and undamaged 
Quercus emoryi leaves, even though the great majority of damage occurred in the 
beginning of the growing season. 
It is sometimes difficult to determine exactly how one can best show induced 
responses (Haukioja et al. 1985), and the work presented here required careful attention 
to mechanisms that might obscure or counteract their effects. For example, 4th instars 
in our previous-damage experiments might have avoided cadavers, in effect 
concentrating contaminated leaves by consuming only uncontaminated leaves. We have 
shown that fourth instar gypsy moth larvae typically show no tendency to avoid 
cadavers of first instars on oak foliage (D’Amico unpublished data), although they have 
been shown to avoid suspensions of virus-killed larvae on apple foliage (Capinera et. al 
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1976). Even if gypsy moths did avoid cadavers in these experiments, this effect cannot 
explain the results of our leaf disk bioassays and the concurrent-damage field 
experiment, in which concentration of the virus was impossible\ both are in agreement 
with the field experiments in which avoidance of cadavers could have influenced 
mortality. 
Our efforts to find induced tannin responses to gypsy moth defoliation resulted 
in only one positive response. As in previous studies, this result was evident in samples 
collected in July, but not at another site in late June. These trees were in stands that had 
not been defoliated within the previous 4 years (Massachusetts Department of 
Environmental Management). We were aware that larvae might have selected trees on 
the basis of the tannin content of foliage, although there is no evidence that gypsy moth 
larvae do this. We still believe that induced responses as described by Rossiter et al. 
(1988) and Hunter & Schultz (1993, 1995) occur in oaks under some conditions, but our 
results suggest that more experiments are needed to confirm such results, and to define 
the conditions under which they occur. For example, age of tree, time of year, 
completeness of defoliation, sun versus shade leaves, soil moisture or nutrient condition 
(Hunter & Schultz 1995) are all variables that may influence induced responses. One or 
more of these factors may explain our consistent failure to detect them. Given the fact 
that nearly all previous studies show no effect of defoliation until July, after gypsy 
moths have pupated, and the lack of any effects of defoliation on disease transmission in 
any of our experiments, we think that important interactions between defoliation and 
disease transmission in gypsy moth are unlikely. 
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Figure 2.1. Treatments in the concurrent-damage field experiment, performed on red 
oak in 1995. D, variable numbers of fourth instars used to damage leaves; T5, bags 
containing five healthy test larvae; T25, bags containing twenty-five healthy test 
larvae. 
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Figure 2.2. The effects of foliage damage on the proportion of healthy test larvae 
infected with LdNPV, after one week inside mesh bags on black oak foliage in 1993 
(mean ± 1 SE). 
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Figure 2.3. The effects of foliage damage on the proportion of healthy test larvae 
infected with virus, after one week inside mesh bags on red oak foliage in 1994. A; 
larval mortality (mean ± 1 SE) in the field experiment (df 2,42; F = 2.02; P = 0.15). 
B; larval mortality (mean ± 1 SE) in a bioassay using damaged leaves dosed with virus 
(df 3,28; F= 0.17; P = 0.92). 
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Figure 2.4. The effects of foliage damage on the proportion of healthy test larvae 
infected with LdNPV, after one week inside mesh bags on red oak foliage in 1995. A; 
larval mortality (mean ± 1 SE) in the field experiment (df 1,28; F= 0.55; P = 0.4662). 
B; larval mortality (mean ± 1 SE) in a bioassay using damaged leaves dosed with virus 
(df 2,27; F = 0.56; P = 0.57). 
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Figure 2.5. Levels of hydrolyzable tannins and total phenolics in damaged and 
undamaged red oak leaves from two sites in Massachusetts (mean ± 1 SE). There was 
a significant damage effect at the Bellingham site A (hydrolyzable tannins: df = 1,18; 
F = 4.67; P = 0.044, total phenolics: df = 1,18; F= 39.51; P = 0.000) when leaves 
were collected in early July, but not at the Southborough site B (hydrolyzable tannins: 
df = 1,18; F=0A6;P = 0.698: total phenolics df = 1, 18; F= 0.32; P = 0.576) when 
leaves were collected in late June. 
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Figure 2.6. The effect of density of healthy, susceptible larvae on virus-caused 
mortality (mean ± 1 SE), with virus dose constant across treatments. Larvae were 
confined in mesh bags for one week on red oak foliage. There was no significant 
effect of larval density on mortality (df = 4,29; F — 0.2; P = 0.96). 
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Figure 2.7. Levels of hydrolyzable tannins and total phenolics in red oak leaves from 
the 1994 field experiment (mean ± 1 SE). There were no significant damage effects on 
levels of hydrolyzable tannins (df 3, 28; F= 2.45; P = 0.085) or total phenolics (df 3, 
28; F= 0.95; P = 0.482). 
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Figure 2.8. Levels of hydrolyzable tannins and total phenolics in red oak leaves from 
the 1994 field experiment plotted against arcsin square root transformed larval 
mortality. There were no significant correlations between hydrolyzable tannins (df 1, 
30; x = 0.0005, P = 0.9071) or total phenolics (df 1, 30; x = 0.0001, P = 0.9648) and 
mortality. 
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Figure 2.9. Levels of hydrolyzable tannins and total phenolics in red oak leaves from 
the 1995 field experiment. There were no significant damage effects on levels of 
hydrolyzable tannins (df 2,27; F = 1.35; P = 0.275) or total phenolics (df 2,27; F = 
1.59; P = 0.222). 
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Figure 2.10. Levels of hydrolyzable tannins and total phenolics in red oak leaves from 
the 1995 field experiment, plotted against arcsin-square-root-transformed larval 
mortality in the field experiment, and mortality in the leaf disk bioassay performed 
using the same leaves. There were no significant correlations between hydrolyzable 
tannins (df 1, 18; r2 = 0.159, P = 0.08) or total phenolics (df 1, 18; r2 = 0.1, P = 0.173) 
and mortality in the field experiment (A), or between hydrolyzable tannins (df 1, 28; r2 
= 0.029, P = 0.369) or total phenolics (df 1,28; r2 = 0.014, P = 0.526) and mortality in 
the leaf disk bioassay (B). 
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CHAPTER III 
MODELING HOST-PATHOGEN INTERACTIONS WITH A DISCRETE TIME 
MODEL 
Introduction 
Previously we reported that transmission of the gypsy moth (Lymantria dispar) 
nuclear polyhedrosis virus (LdNPV) violated the mass-action assumption that is a key 
element of many models of disease transmission (D’Amico et al. 1996, and see also 
Knell et al. 1996). This assumption is written mathematically as 
dl C P 
jrvS°P(>' (31) 
where dl/dt is the rate of increase of the infected population, S0 is the density of 
susceptible individuals, and P0 is the density of the pathogen. The transmission 
coefficient v is assumed to be a constant, and dl/dt is linearly related to both S and P. 
The mass action assumption is a feature of the “Anderson-May” continuous time 
models that have been used to describe many host-pathogen systems (Anderson & 
May 1978, 1979, 1981, 1992; Anderson et al. 1986), and was introduced into disease 
modeling by Kermack and McKendrick (1927). In D’Amico et al. (1996) we 
discussed several mechanisms that might be responsible for the non-linearity observed 
in our experiments; the effects of induced foliage responses on LdNPV (D’Amico et 
al. in review), the effects of heterogeneity in host susceptibility to infection (Dwyer et 
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al. in review), and the effects of spatial distribution of pathogen (Briggs & Godfray 
1996). The spatial distribution of non-pathogen parasites (insect parasitoids) has been 
shown to have an effect on the overall attack rate of parasitoids (Hassell 1982); and 
spatial distribution (clumping) has also been included in latter-day versions of the 
discrete time host-parasitoid models of Nicholson and Bailey (1935) (May 1978). 
In their original host-parasitoid model, Nicholson (1933) and Nicholson & 
Bailey (1935) made an assumption equivalent to the mass-action assumption; that the 
number of encounters with hosts (the number of attacks) Ne by P, parasitoids is in 
direct proportion to host density Nt.. Thus 
M e = aN t Pt . (3.2) 
The constant a has often been defined as the “area of discovery” or “search 
efficiency”; a species-specific constant equal to the mean proportion of the total area 
searched by a parasitoid in its lifetime (Nicholson 1933; Nicholson & Bailey 1935; 
Hassell 1978, 1982). Although conceived in terms of an area traversed by a parasitoid, 
in fact it is invariably determined from the fraction of hosts parasitized. The actual 
area traversed has very rarely been measured. A substantial literature has shown that a 
is not constant, but varies with both host and parasitoid density (see reviews by 
Hassell 1978). These findings are analagous to the literature on non-linearity in 
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Anderson-May models (Liu et al. 1981, Hochberg 1991, D’Amico et al. 1996, Knell et 
al. 1996). 
In this paper we have attempted to use a discrete-time model of the Nicholson- 
Bailey type for our gypsy moth-LdNPV system, rather than the continuous-time 
Anderson-May models. We did this in the hope of using the fundamental similarities 
between the two methods to come to a better understanding of the underlying causes 
of non-linear transmission. This required redefining the parameters of the “Nicholson- 
Bailey” discrete-time model for use in our system. For the purposes of our model we 
considered LdNPV a sessile parasitoid that parasitizes any vagile larval host that 
contacts it; and by using a combination of this model and our particular experimental 
methods, we were able to directly measure all parameters in the Nicholson-Bailey 
model. We attempted these parameters using data from small-scale field experiments. 
Data from small-scale experiments has been successfully used to test methods of 
modeling disease transmission in insects (Dwyer 1991, 1992; Thomas et al. 1995; 
D’Amico et al. 1996, Knell et al. 1996). We have conducted many small-scale field 
tests with larvae of the gypsy moth confined in mesh bags on oak foliage (Quercus 
sp.) contaminated with larvae killed by the gypsy moth nuclear polyhedrosis virus. 
Such experiments can allow fine control over foliage and pathogen densities, and 
density and history of hosts, while retaining the realism possible in outdoor settings. 
We therefore used the gypsy moth-LdNPV system for the work described here. 
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Materials and Methods 
Parameters in a Host-Pathogen Version of the Nicholson-Bailey Model 
Defining and determining Nt_ and Pt_ 
Nt is host density expressed as hosts/mm2 foliage, with all foliage in a bag as 
the denominator. 
■y 
Nt = (number of gypsy moths in bag)/(mm offoliage in bag). 
Gypsy moth larvae killed by LdNPV break apart on foliage, spreading 
infective virus particles in the vicinity of the site of death. From previous work, we 
knew that a single cadaver is capable of infecting larvae eating leaf surface that is a) 
directly in contact with a cadaver, b) on the same leaf as a cadaver, and c) on a leaf 
that is near a leaf with a cadaver; these are listed in decreasing order of infectiousness 
(D’Amico & Elkinton 1995). These experiments were conducted by feeding gypsy 
moth larvae pieces of leaf cut at increasing distances from cadavers; the actual visible 
remains are very small (~10 mm ). Thus, we believe the cadaver-contammated area to 
be much larger than the visible cadaver. Based on D’Amico and Elkinton (1995), 
'y 
1000 mm seemed to be a reasonable estimate for the infectious leaf area produced by 
a first-instar gypsy moth cadaver. However, a meal capable of causing infection 
54 
(hereafter referred to as an infective meal unit, or IMU) would be no larger than -100 
2 
mm , the size of one of the leaf fragments fed to the test larvae. 
In summary, one cadaver is capable of infecting more than one gypsy moth 
and therefore one cadaver is composed of more than one IMU (D’Amico & Elkinton 
1995). Because we were attempting to use a model which considered a parasitoid a 
discrete entity, rather than a conglomerate of virus and leaf material capable of causing 
parasitization, we treated IMUs as similarly to the original Nicholson-Bailey 
parasitoid as possible. In our model, we defined the “parasitoids” that would be used 
to obtain Pt as the IMUs. We determined the number of IMUs in the bag by dividing 
the area of all cadavers in the bag by the area of one IMU. We then expressed Pt as 
the number of IMUs per mm of foliage. 
2 2 2 Pt = (Total mm of cadavers in bag/area of 1 IMU in mm )/(mm offoliage in bag). 
Defining and determining a 
In the usual applications of Nicholson-Bailey models, the parasitoids, typically 
highly mobile Hymenoptera or Diptera, move about in search of hosts. For the 
purposes of the gypsy moth-LdNPV model, we described the area “searched”, a, in 
terms of host movement rather than parasitoid movement. Because LdNPV must be 
ingested to produce an infection, all non-eating movement was assumed to be 
unimportant in regards to transmission and was not considered in the calculation of a. 
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a - (mm~ eaten by one gypsy moth in one day) * 7 days. 
We measured a directly as the area of foliage eaten while a larva is confined on 
foliage in our field experiments. This was done by confining a single larva on 5-8 
undamaged oak leaves (that remained attached to a tree in the field) for 24 hours, and 
multiplying the area eaten by seven. We used this methodology because 1) the 
amount of damage occurring after seven days makes it difficult to determine the 
original dimensions of a leaf and 2) completely undamaged leaves are difficult to find 
in sufficient numbers. The leaves were removed from the tree and returned to the 
laboratory. Damaged leaves were placed against graph paper ruled at 100 squares per 
6.4516 cm , and the area of foliage missing was measured by tracing the outlines of 
leaf damage onto the graph paper, and adding the areas of the whole and partial 
squares within the traced outlines. 
Because Nt and Pt were expressed as numbers per mm2, we were able to 
express a in the same units, rather than as a dimensionless quantity. It is interesting to 
note that measuring and expressing a in this way returns us in many respects to a 
literal translation of the original Nicholson and Bailey (1935) definition, as the area 
traversed. 
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Using the Redefined Nicholson-Bailey Model to Predict Mortality 
in Small-Scale Field Experiments 
Once the parameters had been defined for our host-pathogen system, it became 
possible to express the fraction of hosts fi(Pt) surviving at a given density of IMUs P,, 
using the zero term of Poisson: 
(33) 
giving us the fraction of hosts escaping attack. Of those hosts that are attacked, some 
will be attacked more than once. This would mean multiple parasitization in the 
original model; in our model, this merely means that the larval gypsy moth has 
consumed more than one IMU. This is not unlikely to occur if larvae begin to feed on 
foliage at or near a cadaver. 
The Effects of Spatial Heterogeneity of LdNPV on Foliage 
We next attempted to use observations from the field to justify the addition of 
another biologically meaningful parameter to the model. Because each cadaver 
contains more than one IMU, it is clear that IMUs will be clumped at the location of 
each cadaver (Fig. 3.1). One of the assumptions of the Nicholson-Bailey model is that 
parasitoids search randomly for randomly distributed hosts. A variant of the 
Nicholson-Bailey model that included clumping of parasitoid attacks was proposed by 
May (1978), in which the fraction of hosts surviving fiPt) is given by the zero term of 
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the negative binomial rather than the zero term of the Poisson. Therefore survivorship 
is now 
f(p,) = 
l + aPt 
k (3-4) 
where k in our model is a parameter describing the possible effects of heterogeneity 
(non-random distribution) of pathogen attacks. As the value of k decreases, the degree 
of clumping increases. 
In 1993 we performed an experiment to determine what effect, if any, the 
spatial distribution of infective LdNPV-killed cadavers has on the mortality of larval 
gypsy moths feeding on contaminated foliage. In our experiment we used similar 
methods to those of Dwyer (1991) which are described here briefly (and see D’Amico 
& Elkinton 1995, D’Amico et al. 1996). LdNPV-killed cadavers were placed on 
leaves in clumped and uniform distributions, in equal densities; 20 cadavers per 
branch in each treatment, with exactly 40 leaves on each branch. The uniform 
treatment had one cadaver on every other leaf (counting up from the base of the 
enclosed branch), and the clumped treatment had 10 cadavers on one leaf and 10 on 
another. Twenty-five (25) healthy test larvae were then confined on each branch for 
one week, removed, and reared as previously described. We estimated k independently 
by fitting it to observed mortality in the both the uniform and clumped treatments of 
the experiment. This gave us two values for k, estimated from what we assumed to be 
the two extremes of possible pathogen distribution. 
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Results and Discussion 
As described above, a in our modified Nicholson-Bailey model was measured 
as the area of foliage eaten by a gypsy moth larva of a given instar. We measured a 
for second-, third-, and fourth-instar larvae (results in Table 3.1), the stages of larvae 
we use for our transmission experiments. 
Survivorship was calculated at various densities of Pt , then negative log 
clPt 
transformed (-ln[e' ]) and plotted against Pt. (Fig. 3.3) and data from small-scale 
field experiments conducted from 1990-1995. In our model, the Nicholson-Bailey 
parameter a is a constant, as is v under the mass action assumption. It is therefore not 
surprising that, using a version of the original Nicholson-Bailey model to explore our 
host-pathogen system, we observed a result similar to that in D’Amico (1996). The 
relationship between a and v , and thus between the Anderson-May and Nicholson- 
Bailey models, can be seen in the calculation of larval survivorship 
e (3.5) 
in which t is the duration of the experiment or seven (7) days. Because Pt is equal to 
uP0, where u is equal to the number of IMUs per cadaver, vcan be expressed in terms 
of our Nicholson-Bailey parameters as 
au 
v= — 
t 
(3.6) 
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Clearly, neither continuous-time nor discrete-time models employing an assumption of 
bilinearity will be able to capture the dynamics of disease transmission being observed 
empirically in a growing number of host-pathogen systems. 
To obtain values of the clumping parameter in the May (1978) model, k, we 
performed the clumped vs. uniform cadaver experiment described above. Mortality in 
the clumped and uniform treatments was compared using a Wilcoxon signed rank test, 
and was significantly lower in the clumped treatment (P = 0.0014) (Fig. 3.2). These 
findings are similar to those of Dwyer (1991) who found that uniformly distributed 
NPV-killed cadavers of the lymantriid Orgyia psuedotsugata (Douglas fir tussock 
moth) caused higher mortality in test larvae than did patchily distributed cadavers. 
Values of k were fitted to mean mortality in both treatments. To compare the fit of 
this model to that of the Nicholson-Bailey model without k, we plotted 
-In ( 1 + aP, t \-k against Pt (Fig 3. 3). The non-linearity in the revised model’s 
prediction was even greater than that in the data, supporting the hypothesis that 
clumping may be the cause of the non-linearity. Mean mortality in the pathogen 
distribution experiment was lower than in most of our experiments done at the same 
pathogen density, due to the handling of cadavers necessary to control their location 
on leaves. Applying cadavers to foliage by hand, rather than letting infected larvae 
die naturally on foliage, appears to reduce their infectivity (Dwyer & D’Amico 
unpublished data). 
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The conceptualization of IMUs and cadaver area presented here led us to take 
another look at the treatments in our clumping experiment. Were the densities of virus 
equal in each treatment? If we consider this question at the level of the LdNPV virus 
particle, then the answer is certainly yes. At the level of the cadaver, the answer is 
again yes. But at the intermediate level of the IMU, the answer is no (Fig. 3.4). In the 
uniform treatment there was no overlap of the infective areas produced by cadavers, so 
that the total number of IMUs would be approximately 
(number of cadavers x area of a cadaver)/area of an IMU. 
In the clumped treatment however, because 10 cadavers were placed very close 
together on a single leaf, the infectious areas of cadaver likely overlapped to some 
degree. Thus, in the clumped treatment we can represent the number of IMUs as 
((number of cadavers x area of a cadaver)-overlap)/area of an IMU 
which by definition will be a lower number, if there is any overlap in the infectious 
area produced by a cadaver. The actual Pt will decrease, and thus mortality will also 
decrease. (We would expect this overlap effect to be somewhat lessened by a decrease 
in the size of the IMUs in the clumped treatment, because less of this densely 
contaminated leaf surface would be required to infect a larva). In the subsequent 
literature on Nicholson-Bailey models, this form of clumping has been called density 
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independent aggregation (Pacala & Hassell 1991, Pacala et al. 1991) as opposed to 
density dependent aggregation. Density dependent aggregation occurs when 
parasitoids aggregate to patches of high host density. Both forms of aggregation have 
been shown to stabilize discrete-time Nicholson-Bailey type models of host-parasitoid 
systems; this clumping effect may also help to explain the failure of both the 
Anderson-May model and the original Nicholson-Bailey model to accurately model 
transmission. 
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Table 3.1. Leaf area consumed by gypsy moth larvae on black oak foliage in an 
outdoor mesh bag experiment. Individual larvae were confined with 5-8 undamaged 
leaves on a tree for 24 hours. Missing areas were measured by tracing damage onto 
graph paper. 
Area eaten by 2nd instar in one day 
Area eaten by 3rd instar in one day 
Area eaten by 4th instar in one day 
Leaf area consumed 
0.07± 0.01 cm2 
0.82± 0.12 cm2 
1.50± 0.2 cm2 
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Cadaver-contaminated area 
Nt = gypsy moths/mm2 
a = size of meal (over 7 days) in mm2 
n 
One infective meal unit (IMU) 
Pt = IMUs/mm2 
Figure 3.1. Use of a Nicholson-Bailey model to predict mortality in a host-pathogen 
system. Parameters are obtained by dividing the number of infective meal units 
(IMUs) and the number of susceptible gypsy moth larvae by the total area of foliage, 
and measuring the area consumed by a larva in one week. 
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Figure 3.2. Mortality of test gypsy moth larvae in a field bioassay of black oak 
branches contaminated with LdNPV-killed cadavers in clumped and uniform 
distributions on foliage. Larvae were confined on foliage within a mesh bag for one 
week, then reared individually for two weeks in the laboratory. 
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(Pt), or IMUs per square mm. 
Figure 3.3. Predictions of a Nicholson-Bailey model in which the fraction of larvae 
surviving is given by the zero term of the negative binomial distribution (May 1978) 
(squares) and a Nicholson-Bailey model with survivorship given by the zero term of 
the Poisson distribution (circles). In the negative binomial model, the value of k was 
independently estimated from the uniform treatment in a field experiment. 
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Uniform Clumped 
& © (6 
(o> © <5> 
Figure 3.4. Diagram of treatments in a clumped versus uniform field experiment. 
Overlap of infective areas produced by clumped cadavers reduces overall area of 
contaminated leaf surface. 
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CHAPTER IV 
THE EFFECT OF RAINFALL ON THE TRANSMISSION OF GYPSY MOTH 
NUCLEAR POLYHEDROSIS VIRUS 
Introduction 
Gypsy moth nuclear polyhedrosis virus (LdNPV) is the pathogen responsible 
for the collapse of high density gypsy moth Lymantria dispar (L.) populations in the 
northeastern United States (Campbell 1963, Doane 1969). Epizootics typically 
develop among later instars that become infected by eating foliage contaminated with 
the cadavers of larvae previously killed by the virus (Doane 1969, Woods and 
Elkinton 1987). 
Most studies of rainfall and virus transmission are concerned with artificial 
virus formulations. Many researchers have shown that artificial preparations of virus 
are more or less easily washed off foliage, depending on formulation used (Burgerjon 
and Grison 1965, Cunningham and Entwistle 1981, Mohamed et al. 1982). The role of 
rainfall in naturally occurring epizootics has not been well documented. Murray and 
Elkinton (1989) showed that rainfall running down tree trunks did not contaminate 
gypsy moth egg masses. However, Thompson (1978) used bioassays to measure the 
incidence of the Douglas-fir tussock moth Orgyia psuedotsugata (McD.) NPV on 
Douglas-fir Psuedotsuga menziesii (Beissn.) branches before and after a light rain, and 
found that contamination of tested shoots increased from 12% at 1 d before a light rain 
to 100% at 2 d after. In experiments with the polyhedrosis virus of the velvetbean 
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caterpillar Anticarsia gemmatalis on soybeans, Young and Yearian (1986, 1989) 
emphasize the role of splash contamination in moving inoculum from the soil onto 
plants, and from upper canopy to lower canopy on the same plant. Young and Yearian 
(1989) have also speculated about the importance of rain in moving virus from insect 
cadavers from higher to lower, and presumably more shaded, parts of a plant. 
Although ultraviolet light is known to inactivate insect viruses (Ignoffo et al. 1977, 
Jacques 1977), rainfall may do more than simply move virus; it may help to prolong 
its period of activity by bringing it to protected areas. 
Other studies have related incidence of LdNPV to humidity. These studies do 
not identify a mechanism whereby humidity can influence virus mortality; we believe 
the answer may include rainfall effects, because periods of rainfall coincide with high 
humidity levels. A positive effect of relative humidity on LdNPV transmission has 
been suggested by Glaser (1915) and Wallis (1957, 1960). Wallis (1957) reported an 
increase in both humidity and virus-caused mortality toward the end of the larval stage 
in one population; although work by Woods and Elkinton (1987) indicates that this 
increase may be part of the bimodal temporal pattern of LdNPV-caused mortality that 
occurs regardless of the weather conditions. 
A number of researchers have included rainfall as a component of 
mathematical models relating defoliation by gypsy moth or trends in population levels 
to a variety of environmental factors. Campbell (1967) and Campbell and Sloane 
(1978) included precipitation in their models of gypsy moth population dynamics, 
partly on the strength of Wallis' (1957, 1960) previous work. Miller et al. (1989) 
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analyzed gypsy moth defoliation records and weather data in Massachusetts and 
Connecticut. They found that rainfall in the previous year was negatively correlated 
with observed defoliation. There are, of course, many possible causes for this effect. 
It is logical to assume that the physical action of water droplets striking 
infected insect remains could spread LdNPV polyhedra to leaves of branches beneath a 
contaminated branch. On the other hand, Podgwaite et al. (1979) speculate that heavy 
rains may wash LdNPV off tree trunks and into the soil, whereas David and Gardiner 
(1966) have shown that the granulosis virus of Pieris brassicae (Lepidoptera: 
Pieridae) is difficult to wash off cabbage leaves. We hypothesize that rain may affect 
virus transmission and subsequent levels of virus infection in 2 opposing ways: (1) 
transmission may be reduced when rain washes LdNPV off the foliage, or (2) 
transmission may be enhanced when rainfall spreads LdNPV concentrated in cadavers 
more evenly over the available foliage. 
Recently, there has been increasing interest in using wild-type or genetically 
engineered insect pathogens, including viruses, for the control of pests in agricultural, 
silvicultural, and recreational forest settings. The extent to which rainfall is able to 
move insect pathogens within a forest setting may become an important question as 
these materials are considered for use. In this study we investigate the possible 
influence of rain in spreading LdNPV on foliage, washing LdNPV off of foliage, or 
doing both. 
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Materials and Methods 
Artificial Rainfall Field Studies 
We selected 2 locations in Amherst, MA, for our artificial rainfall studies. The 
1st was in a hardwood plantation on the edge of the University of Massachusetts 
campus. Eight red oak trees, Quercus rubra L., were used at this site from 2 to 12 
June 1992. The 2nd location was at the top of a hill on University property near an 
abandoned apple orchard. Eight red oak trees were used at this site from 9 to 19 June 
1992. 
To assess the ability of rainfall to move LdNPV off a branch contaminated 
with cadavers, and onto other branches or the ground, we selected 2 pairs of branches 
on opposite sides of each tree, with 1 branch of each pair directly above the other (Fig. 
4.1). Forty LdNPV-infected 1st instar gypsy moths were confined to the upper branch 
using spun polyester mesh bags (Kleen Test Products, Brown Deer, WI). Larvae were 
hatched from egg masses supplied by the USDA Otis Methods Development 
Laboratory, and were the standard New Jersey laboratory strain. These larvae had 
been given a 100- to 200-pl droplet of a virus solution containing 2.5 x 10? polyhedral 
inclusion bodies (PIBS) per milliliter, using a droplet dose technique (Hughes et al. 
1986), Such a dose has been determined to cause death to all larvae within 4 d at 28°C 
(G. Dwyer unpublished data). 
All 1st instars were dead 1 wk after being deployed, at which time mesh bags 
were removed from the two up-down pairs of branches on each tree, and water was 
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applied to one of the branch pairs in the following manner (Fig. 4.1). A gasoline- 
powered generator (Honda, Osaka Japan) was used to run a water pump (Simer Pump, 
Minneapolis, MN) placed in a 113-liter container of water. A flexible hose leading 
from the pump was used with a brass spray head to aim the water and adjust droplet 
size to simulate a moderately heavy rain. The spray head was held ~1 m below the 
level of upper branch of the pair being treated, and the water spray aimed to arc and 
then fall onto the upper branch (Fig. 4.1). Approximately 58 liters of water were 
applied to the foliage over a 5-minute period. By positioning a rain gauge under the 
branches, we determined this application to be equivalent to ~2.4 cm of naturally 
occurring rainfall. 
When foliage had dried, 25 healthy 3rd instars were enclosed inside mesh bags 
to bioassay for the presence of LdNPV. Plastic bags were rolled up and placed at the 
base of the branches, to be unrolled over the mesh bags in case of naturally occurring 
rainfall, which did not occur during the experiment. One week later, branches with 
bags were removed from trees with pruning shears and returned to the laboratory. 
Insects were removed and reared individually for 2 wk in 58.8-ml cups containing 
artificial diet (Bell et al. 1981) at 28°C and a photoperiod of 24:0 (L:D) h. Larvae 
were examined for mortality weekly, and each dead insect was autopsied under the 
light microscope at 400x to verify virus as the cause of death (Woods and Elkinton 
1987). 
We transformed proportions {p) of larvae dying of LdNPV using the arcsine 
yfp, and compared proportions of larvae dying in each treatment with an analysis of 
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variance to determine the significance of tree effects, rain versus dry effects, up versus 
down (or branch position) effects, and the interaction of rain versus dry and up versus 
down effects (Analytical Software, 1992). To clarify the effect of rain on branches in 
the same position, we compared proportions of larvae dying of LdNPV within the 2 
upper branch treatments (rain up and dry up) and within the 2 lower branch treatments 
(rain down and dry down) with a Wilcoxon signed rank test (Sokal and Rohlf 1981). 
Natural Rainfall Field Test 
We performed an experiment from 15 to 28 July 1993 to study the effects of a 
natural, rather than artificial, rainfall on virus transmission. On Cape Cod, MA, at 
Otis Air National Guard Base, we set up 8 black oak trees Quercus velutina L., with 
infected 1st instars in exactly the manner described in the artificial rainfall experiment. 
After all of the infected 1st instars died, 1 up-down pair of branches on each tree was 
left completely uncovered; the other pair was covered with a white plastic garbage bag 
(over the mesh bag) to protect the branch from rain. Because we were concerned 
about possible water condensate inside the plastic bags, the bags were opened along 
the bottom side to allow air flow and leaf respiration. Although some condensation 
sometimes formed on the inner surface of the plastic bag, repeated inspection of leaves 
within the mesh bags indicated that they remained dry. 
A 1.44-cm rainfall occurred on 20 July 1993, 1 d after removal of the bags 
from the up-down pair of branches that served as the rain treatment. On 21 July 1993, 
we placed 25 uninfected 3rd instars in mesh bags on all branches, and then covered all 
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mesh bags with opened plastic bags to prevent further exposure to rain. It did not rain 
during the remainder of the experiment. Although the precautionary measure of 
covering the mesh bags with plastic bags is likely to have had an effect on humidity 
inside the bags, we felt that this was acceptable because all treatments were treated the 
same. We cut down all branches on 28 July 1993, and reared larvae individually in the 
same manner as in the artificial rainfall field test. 
Statistical analyses were identical to those used for the artificial rainfall 
experiment. 
Leaf Disk Bioassay 
To more closely explore the ability of rain to spread LdNPV between leaves on 
the same branch, we set up an additional 18 trees with infected 1st instars confined for 
1 wk in mesh bags as in the artificial rainfall test above. In this experiment, branches 
without 1st instars were not placed below infected branches. The dry treatments of 
these controls were covered with plastic bags until after the simulated rain treatments 
had been applied, to avoid contamination. After all the infected 1st instars had died (1 
wk), we applied water to half of the cadaver-contaminated branches and half of the 
control branches as in the simulated rain experiment above, except that 12 liters of 
water was applied over a 1-min period instead of 58 liters over a 5-min period. We 
thought that this reduction in the amount of water would maximize LdNPV spreading 
effects and minimize washing-off effects. After the branches had dried (~2 h), they 
were cut down and brought into the laboratory. Disks 3.6 cm in diameter were 
immediately removed from leaves (Fig. 4.2). Those branches that had been bagged 
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with infected 1st instars had leaves with 1st instar cadavers, and leaves without 
cadavers. Two types of disk were removed from leaves with cadavers; a disk 
containing a cadaver (leaf w/cad, disk w/cad) and a disk with no cadaver (leaf w/cad, 
disk no cad). Disks were also taken from leaves without a cadaver (leaf no cad, disk 
no cad), and from leaves on control branches that had been bagged without infected 
1st instars. These 4 types of disks were taken from branches in both the rain treatment 
and the dry treatment, for a total of 8 treatments (Fig. 4.2). A minimum of 6 and a 
maximum of 8 disks of each of the treatment types were taken from each tree, 
depending on the number of cadavers that we found. 
Each leaf disk was folded in half, and placed tent-fashion in a 175 milliliter 
plastic cup containing 1 cm of agar (Keating et al. 1988). The agar was used to keep 
the leaf disk turgid and upright. One healthy, 3rd instar test larva was placed in each 
cup for 96 h to eat the disk, then removed and reared on diet for 2 wk as above. 
Because a substantial number of larvae died from non-LdNPV causes within a 
few days of eating a disk, they were not considered as part of the pool of virus- 
susceptible insects, and were not used to calculate proportions of larvae dying of 
LdNPV (Elkinton et al. 1992). The proportion of larvae in each treatment dying from 
LdNPV was calculated using the Abbott (1925) formula, by dividing the number of 
LdNPV deaths by the total number of larvae in each treatment group minus the 
number of larvae in the treatment dying of non-LdNPV causes. The causal agent of 
the non-LdNPV mortality appeared to act first, so the proportion of larvae dying from 
non-LdNPV causes was calculated without first subtracting the LdNPV mortality from 
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the total number of larvae (Elkinton et al. 1992). Both proportions were transformed 
using the arcsine yfp, and a weighted ANOVA was used to determine the significance 
of tree effects, rain versus dry effects, treatment effects, and the interaction of rain 
versus dry and treatment effects (Table 4.2) (SAS Institute 1985). The weighting used 
in these analyses was the number of leaf disks used to calculate the proportions dying 
as described above. We further analyzed the treatment effects with planned pairwise 
comparisons of the means, adjusting the alpha error by dividing 0.05 by the number of 
comparisons in each group (6), so that the null hypothesis was rejected when R<.008, 
(Sokal and Rohlf 1981). 
Results and Discussion 
Artificial Rainfall Field Study 
The results of the ANOVA indicate significant position effects, and a 
significant interaction between rain versus dry and position (Table 4.1). Further 
analysis with the Wilcoxon signed rank test showed that simulated rain significantly 
reduced mortality on upper branches, which were contaminated with the infected 1 st 
instar cadavers (P = 0.01, Fig. 4.3). This result suggests that the rinsing action of a 
single rainfall is sufficient to remove infective material from leaves. As expected, 
mortality was much lower on the lower branches, because no infected 1 st instars had 
been placed on the foliage. Between the 2 lower branch treatments, mortality was 
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higher on the branches receiving rain than on those which did not, but this difference 
was marginally significant (P = 0.06). 
Natural Rainfall Field Study 
In this experiment we were fortunate to have a substantial rainfall within 1 d of 
exposure of the 1st instar cadavers. The results of this experiment were similar to 
those of the simulated rain field study (Fig. 4.4). ANOVA results showed significant 
position effects and a significant interaction between rain versus dry and position 
effects (Table 4.1). The Wilcoxon signed rank test again found significantly lower 
LdNPV mortality on rain versus dry treatments on upper branches (P = 0.01). 
Significantly higher mortality was seen on the lower branches in the rain treatment (P 
= 0.03), suggesting that the marginal effect seen in the simulated rain study was real. 
These results support our hypothesis that rainfall acts to wash LdNPV off 
foliage and to spread LdNPV from contaminated to uncontaminated foliage. This 
explains the reason for the significant position versus rain-dry interactions in the 
ANOVA (Table 4.1); rainfall had the opposite effect on upper versus lower branches 
(Fig. 4.4). 
Leaf Disk Bioassay 
The weighted ANOVA results showed significant treatment effects (distance 
from cadaver) on LdNPV mortality (Table 4.2). In both rain and dry treatments, 
nearly all larvae consuming a leaf disk with a cadaver died of virus, if they did not first 
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die from other causes (Table 4.3). Mortality was less in those larvae eating a disk 
without a cadaver from a leaf that had one, and less still when the disk consumed was 
from a leaf with no cadaver (but still on a contaminated branch. There was no 
appreciable virus mortality in the controls. Although clear and significant differences 
were seen between treatments of varying distances from cadavers, no significant 
overall differences were seen between rain and dry treatments, and there were no 
significant rain versus dry by treatment interactions (Table 4.2). However, in the rain 
treatment, there was significantly higher LdNPV mortality among larvae feeding on 
leaves adjacent to cadavers (leaf no cad, disk no cad) than on disks from control leaves 
(Table 4.3). This effect was not seen in the dry treatment, possibly because the 
simulated rain spread virus from leaves with cadavers to nearby leaves without 
cadavers. The absence of overall rain effects may have been caused by the lower 
amount of water we used in this test as compared with the 1st experiment. 
Insects in the leaf disk bioassay experienced some mortality not connected 
with virus, which nonetheless followed roughly the same pattern as the virus mortality 
(Table 4.3). Microscopic examination of the cadavers revealed large concentrations 
of bacteria. These may be associated with decaying gypsy moth cadavers present on 
the leaf surface (J. Podgwaite, personal communication). No mortality of this type 
was seen in larvae held in the mesh bags in the first 2 experiments, or in other 
experiments of this type we have performed (unpublished data). Thus, we suspect that 
this mortality is not a significant factor in field populations; an insect confined with 
contaminated foliage and agar is likely at greatly increased risk for bacterial infection, 
78 
because agar is an excellent growth medium for bacteria. The interaction between 
these bacteria and LdNPV is unknown, although it appears that bacteria are capable of 
killing larvae more quickly. It is possible that mortality caused by bacteria may have 
obscured subtle effects of rainfall on virus transmission by decreasing the number of 
larvae available for viral infection. 
Our experiments support the idea that rain can wash virus from branches 
contaminated with LdNPV-killed gypsy moth cadavers, and can spread this virus to 
branches beneath. We cannot tell from our results whether this would have the net 
effect of increasing or decreasing mortality from LdNPV in a population of gypsy 
moth, although this would probably depend on the amount of rainfall. Because many 
infected gypsy moth larvae die in the upper canopy of trees (Murray and Elkinton 
1992), the spreading effect may become a significant factor by exposing insects in 
lower foliage to virus. These findings may thus explain earlier reports (Glaser 1915; 
Wallis 1957, 1960) relating humidity to the incidence of LdNPV mortality. 
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Table 4.1. ANOVA of transformed proportions of 3rd instar gypsy moths dying of 
LdNPV.1 
Source Simulated rain 
df F P 
Natural rain 
df F P 
Trees (A) 15 0.73 0.74 7 0.20 0.98 
Rain vs Dry (B) 1 3.93 0.05 1 1.70 0.21 
Up vs Down (C) 1 73.03 0.00 1 118.66 0.00 
B*C 1 11.27 0.00 1 15.06 0.00 
larvae were confined with LdNPV-killed 1st instar cadavers on red oak 
branches in mesh bags. Two pairs of branches were used on each tree, with 1 branch 
of each pair directly above the other. One of these up-down pairs on each tree was 
subjected to simulated or naturally occurring rain. Proportions transformed by arcsine 
square root before analysis (Sokal and Rohlf 1981). 
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Table 4.2. Weighted ANOVA of transformed proportions1 of 3rd instar gypsy moth 
fed contaminated leaf disks dying of non-LdNPV and LdNPV causes 
Source Non-LdNPV Mortality 
df F P 
LdNPV Mortality 
F P 
Trees(A) 17 1.60 0.07 1.35 0.17 
Rain vs Dry (B) 1 11.76 0.00 1.04 0.31 
Treatment (C) 3 36.13 0.00 131.11 0.00 
B*C 3 3.20 0.02 0.05 0.98 
'Proportions transformed by arcsine square root before analysis (Sokal and 
Rohlf 1981) and weighted with the number of leaf disks used to calculate proportions 
in each treatment. 
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Table 4.3. Mean LdNPV mortality and non-LdNPV mortality of 3rd instar L. dispar 
fed leaf disks from leaves contaminated with LdNPV-killed 1st instars 
Treatment Non-LdNPV Mortal i tv LdNPV Mortal i tv 
Rain Dry Rain Dry 
Leaf W/Cad, Disk W/Cad 0.30a 0.51a 0.88a 0.82a 
Leaf W/Cad, Disk No Cad 0.09b 0.23b 0.28b 0.28b 
Leaf No Cad, Disk No Cad 0.09b 0.09c 0.14c 0.09bc 
Control 0.05b 0.05c 0.02d 0.01c 
’Two types of disk were removed from leaves with cadavers: a disk containing 
a cadaver (leaf w/cad, disk w/cad) and a disk with no cadaver (leaf w/cad, disk no 
cad). Disks were taken from leaves without a cadaver, from branches that contained 
leaves with cadavers (leaf no cad, disk no cad). Disks were also cut from the leaves on 
branches that had been bagged without infected 1st instars (control). These 4 disk 
types were obtained from branches in the rain and dry treatment groups. Values in the 
same column followed by the same letter are not significantly different based on 
planned pairwise comparisons of means (P = 0.008) (Sokal and Rohlf 1981). 
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Figure 4.1. Method used to apply simulated rain to branch contaminated with LdNPV- 
killed gypsy moth 1st instars. Treatments: (a) dry treatment, upper branch with 
cadavers; (b) dry treatment, lower branch without cadavers; (c) simulated rain 
treatment, upper branch with cadavers; (d) simulated rain treatment, lower branch 
without cadavers. 
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Figure 4.2. Leaf disk bioassay treatments taken from branches on red oak trees 
contaminated with LdNPV-killed gypsy moth 1st instars, branches were exposed to 
simulated rain or left dry. Treatments: (a) disk with cadaver from leaf with cadaver, 
(b) disk without cadaver from leaf with cadaver, (c) disk without cadaver from leaf 
without cadaver, (d) control disk from uncontaminated branch. 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
□ Rain 
■ Dry 
UPPER LOWER 
BRANCH BRANCH 
Figure 4.3. Mean proportion LdNPV-caused mortality of 3rd instar gypsy moths 
confined for 1 wk on upper branches (contaminated with LdNPV-killed gypsy moth 
1st instars) or lower branches of red oak trees; branches were treated with simulated 
rain or left dry. P values are given for planned comparisons between the rain and dry 
treatments within upper branch and lower branch treatments (Wilcoxon signed rank 
test.) 
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Figure 4.4. Mean proportion LdNPV-caused mortality of 3rd instar gypsy moths 
confined for 1 wk on upper branches (contaminated with LdNPV-killed gypsy moth 
1 st instars) or lower branches of red oak trees; branches were exposed to naturally 
occurring rain or kept protected from rain. P values are given for planned 
comparisons between the rain and dry treatments within upper branch and lower 
branch treatments (Wilcoxon signed rank test). 
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CHAPTER V 
A FIELD RELEASE OF GENETICALLY-ENGINEERED GYPSY MOTH 
(LYMANTRIA DISPAR L.) NUCLEAR POLYHEDROSIS VIRUS (LDNPV) 
Introduction 
There has been increasing interest in the use of commercial formulations of 
baculoviruses to control insect pests in a variety of agricultural and silvicultural 
settings (Wood & Granados 1991, Wood & Hughes 1993). As insecticides, viruses 
possess several advantages over broad spectrum chemical agents in that they 1) have 
no harmful effects on non-arthropods such as birds, mammals, or plants, 2) are often 
specific to the pestiferous insect, allowing beneficial or innocuous insects to survive 
application, 3) and can provide lasting control, at least within a season (Groner, 1986). 
They have advantages over certain predators and parasitoids; these can be difficult to 
rear in large numbers, and difficult to store once reared. To date, no adverse health or 
environmental effects have been documented as a result of viral pesticide applications. 
Currently, baculoviruses are being used as the primary or supplementary 
control method for several lepidopterous pests including the gypsy moth Lymantria 
dispar (L.), the pine sawfly Neodiprion sertifer (Boddie), and the Douglas fur tussock 
moth, Orgyia psuedotsugata McDunnough (Wood et al., 1994). The U.S. 
Environmental Protection Agency registered the gypsy moth nuclear polyhedrosis 
virus (LdNPV) as a pesticide in 1978 (Lewis et al. 1979). It is currently one of the 
biological control methods being used by the USDA Forest Service to control the 
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gypsy moth. Although field research has shown that this virus is as effective in 
controlling gypsy moth as chemical pesticides, at present the expense of producing the 
virus is much greater than the cost of producing chemical controls. Thus, no 
commercial formulation of LdNPV currently exists. If genetic engineering could 
enhance the potency of LdNPV, it might become cost-effective to produce. Recent 
advances in biological engineering have provided the tools required for genetically 
altering LdNPV for quicker kill, higher virulence, or other qualities that would make it 
more effective as an insecticide. This has already been attempted with other 
pathogens (Carbonell et al. 1988, Maeda 1989, Merryweather et al. 1990, Cory et al. 
1994, Wood et al. 1994) with varying degrees of success. Some of these studies 
contain a field component designed to aid in risk assessment. 
It is important to note that previous field studies using genetically-engineered 
viruses have been carried out in highly controlled agricultural systems or within 
outdoor cages. The ecology of such settings greatly limits spread of the virus because 
virus-treated plants are enclosed, surrounded by a fallow zone, and are usually 
destroyed after the experiment is finished. Our aim was to release a genetically- 
engineered form of LdNPV into a population of gypsy moths in a diverse, stable, 
uncontrolled forest ecosystem. Because of the possible risks associated with the 
release of genetically engineered organisms, we felt that an optimal method of release 
would allow for tracking of infected animals and limit the persistence of the organism 
in the environment. 
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B-galactosidase production as a reporter system has been used to monitor field 
introductions of genetically engineered bacteria (Cook et al., 1990; Kluepfel et al. 
1990, 1991). If the B-galactosidase (lacZ) gene is inserted into the gene coding for 
production of a virus’s polyhedral occlusion body (POB), the resulting viral line will 
not produce POBs. This renders the virion highly susceptible to degradation by 
ultraviolet light, the main cause of viral inactivation in nature (Ignoffo, et al. 1977; 
Jacques, 1977). Thus, non-occluded virus particles are environmentally unstable, and 
laboratory studies by Hamblin et al. (1990) have indicated that the dynamic 
interactions of poly-minus and wild-type viruses in nature would be such that the poly¬ 
minus virus could not persist in the virus population. No detectable health or 
environmental effects have been observed in field introductions in which B- 
galactosidase was used. Accordingly, the addition of the lacZ gene to the LdNPV 
genome and expression of B-galactosidase was considered to present no health or 
environmental dangers, and this method was used to render the virus non-persistent 
and allow for easy tracking in the field. 
The initial release of the EV required it to be stable until it had produced 
infections in host larvae. Baculoviruses lacking the polyhedrin gene can be stabilized 
by a process known as co-occlusion (Miller et al. 1988, Hamblin et al. 1990, Yu et al. 
1992, Wood et al. 1994). Co-occluded virus are produced by co-infecting host cells 
with both the wild-type virus (which contains a functioning polyhedrin gene) and the 
genetically-engineered form (without a functioning polyhedrin gene). When the wild- 
type virus replicates inside of a host cell, some of the EV particles are occluded by the 
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polyhedral protein along with the wild-type particles. The protection afforded by the 
polyhedron is thus “borrowed” by the EV. 
The purpose of this field release was two-fold. Firstly, we wished to study the 
dynamics of the co-occlusion process in a forest ecosystem. Previous work with a 
baculovirus engineered for non-persistence (Wood et al. 1994 ) showed that recovery 
of the engineered form diminished rapidly over a period of 2 years. This study was 
carried out in a crop system; it was anticipated that the recombinant LdNPV would be 
lost from the population even faster because of the potentially higher dilution 
associated with forest ecosystems. The information gained in this experiment was 
expected to help determine the feasibility of using the co-occlusion process as a 
method for releasing genetically-engineered baculoviruses against forest pests. 
Secondly, we felt that this release would provide useful information regarding 
the ecology of baculo viruses. In the past it has been difficult to monitor viral 
pesticides such as NPV in nature, because investigators have never been able to 
ascertain whether or not insect larvae were infected with the applied virus or a 
naturally-occurring virus. We believed that infection with the recombinant LdNPV 
expressing 13-galactosidase would provide a fast, simple and inexpensive identification 
method, making it possible to obtain data concerning the movement of the LdNPV in 
time and space. Such information would be useful in identifying some of the 
underlying principles which limit and promote natural LdNPV epizootics. 
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Materials and Methods 
Vims and Host 
A recombinant form of LdNPV containing a lacZ gene from the bacterium 
Escherichia coli was produced as described in Yu et al. (1992). This vims, which 
lacked a functional polyhedrin gene, was co-occluded within polyhedra produced 
following co-infection of insect cells with the recombinant and wild-type vims (Yu et 
al. 1992). The wild-type vims used in this experiment was the strain of LdNPV 
known as G2. Gypsy moth larvae were co-infected with the polyminus EV and a 
wild-type vims, which contains a polyhedrin gene. To ensure quality control, the 
polyhedra containing the wild-type and recombinant vims particles were produced in 
laboratory-reared gypsy moth larvae at the Boyce Thompson Institute (Ithaca, NY). 
Viral DNA restriction endonuclease fragment analyses of the occluded virions were 
also used to ensure quality control of the inoculum. 
Field Studies 
Study Sites 
The field release was conducted in a mixed oak and pine forest on the Otis Air 
National Guard Base (Otis ANGB) in Cape Cod, Massachusetts. This forest is 
composed predominantly of black oak (Quercus velutina), white oak (Quercus alba) 
and pitch pine (Pinus rigida) trees from 7-10m in height. We created two octagonal 
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plots at this site, a control plot and a virus release test plot, each ca. 4 ha in area and 
225 m in diameter. The test plot and control plot were separated by ca. 2 km. The 
large size of the plots was necessary to avoid dilution of the test populations (Dwyer & 
Elkinton 1995). 
Release of the Engineered Virus 
Twenty closely grouped black oak trees (Quercus velutina) were used to 
release virus-infected larvae into the center of the test plot (Fig. 5.1). A total of 200 
spun polyester bags (Reemay by Dupont, Deer Park WI) were attached to the tree 
limbs to enclose foliage, at a rate of approximately 10 bags per tree. Each bag 
contained approximately 500 virus-treated gypsy moth eggs and 500 untreated eggs. 
The purpose of the Reemay mesh bag enclosures was to confine the movement of the 
gypsy moth larvae during the first two weeks after hatch. We have used this bag 
technique with success in previous work to enclose larval gypsy moths on foliage 
(Dwyer & Elkinton 1993, D’Amico & Elkinton 1995, D’Amico et al. 1996). 
Following hatch, gypsy moth larvae climb the trees and disperse on silk threads to 
surrounding trees (this is also referred to as “ballooning”). Since part of the test was to 
evaluate spread of the virus following a point introduction, we confined the infected 
larvae in bags until after the ballooning period. Gypsy moth larvae cannot balloon far 
after they have taken their first post-hatch meal, and are also considered incapable of 
effective ballooning after molting to second instar (Mason & McManus 1981). Bags 
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were not removed until 18 June 1993, when all confined larvae had either died of virus 
infection or molted to the second instar. 
In order to allow possible virus dissemination from the release site into the 
surrounding forest, a gypsy moth larval infestation was created in 1993 by releasing 
lab-produced eggs in the trees surrounding the release site, and in the control plot 
(Gould et al. 1990 , Dwyer & Elkinton 1995). Larger infestations were also created in 
1994 and 1995, to better allow us to detect the presence of any persistent EV. Release 
of these populations was timed to mimic development in a naturally-occurring 
population as closely as possible; our goal in all 3 years was to release eggs timed to 
hatch in early to mid-May. Approximately 8 to 9 million gypsy moth eggs were 
released in a 1 ha square in the center of each plot in 1993, 15-16 million in 1994, and 
9-10 million in 1995 (Fig. 5.1). Eggs were placed in 80 to 160 (depending on egg 
release number) screen packets containing ca. 100,000 eggs each. Screen packets were 
attached 1.5m from the ground on the boles of ca. 55 trees in a square 100 x 100 meter 
area surrounding the release trees (Fig. 5.1). The same number of eggs was released 
into the control plot using the same methods. The gypsy moths used in our field 
experiments were of the laboratory-reared New Jersey strain maintained by the USDA, 
APHIS Otis Methods laboratory (Otis ANGB, Cape Cod MA). 
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Collection and Analyses of Larvae and Vims 
Collection of larval samples 
Following removal of the Reemay mesh bag enclosures from branches 
containing infected insects, larvae were sampled at weekly intervals until their 
pupation. In 1993 in the test plot, 25 larval samples were collected from the center of 
the release site, and in sectors created by dividing 25 m-wide concentric rings in 8 
coordinate directions to a distance of 112.5 m (Fig. 5.1), so that we could carefully 
follow the initial spread of the released virus. In 1994 and 1995, 7 weekly collections 
were made from within both plots. 
Assay for B-galactosidase activity 
Each collected larva was held in an individual container with insect rearing diet 
(Bell et al. 1981) for two weeks. Larvae were checked every other day for mortality. 
In order to determine which dead larvae were infected with the recombinant LdNPV, 
dead larvae were incubated for 48 hours in a test tube containing 1 ml of a 1 mg/lml 
solution of chloro-3-indolyl-B-D-galactopyranoside (X-gal): diethyl formamide. 
When X-gal is cleaved by B-galactosidase, it changes from colorless to deep blue. This 
colorimetric assay was used to track the recombinant LdNPV; those larvae that 
produced a blue reaction were further analyzed as described below. Tissues and fluids 
from healthy L. dispar larvae or those infected with the wild-type LdNPV have no 
detectable B-galactosidase activity (Wood, unpublished data). 
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Isolation of virus and DNA extraction 
Polyhedral occlusion bodies were isolated from larvae testing positive in the 
assay for 13-galactosidase described above. Insects were individually mixed and 
homogenized with the X-gal solution in which they had been tested, and the 
particulate larval remains were removed. Polyhedra were pelleted by centrifugation at 
550g- for 5 minutes at room temperature, then resuspended in water and repelleted. 
This process was repeated a total of 3 times. 
Approximately lxl08 POBs were resuspended in 100-200 ml of TE. We then 
adjusted this POB solution to 20 mM Tris-HCl (pH 7.5), 120 mM NaCl, 20 mM 
EDTA, 0.5% SDS, and 20pg/ml proteinase K, and incubated at 50° C for 45 minutes. 
The solution was adjusted to 1% Sarkosyl and incubated at 50° C for 1 h. The POBs 
were pelleted by centrifugation and resuspended in 1 ml phosphate buffered saline, 
then resuspended in 250 pi TE. The solution was adjusted to 0.1 M EDTA, 20 pg/ml 
proteinase K, and the solution was incubated at 37° C for 1 h. NaC03 (pH 11.7) was 
then added to a final concentration of 0.125M, and the solution was incubated at 37° C 
for I hour. The solution was extracted with 1 volume of phenol saturated with 0.01M 
Tris-0.001 M EDTA, pH 7.5 and two volumes of chloroform:isoamyl alcohol (24:1). 
The aqueous phase was dialyzed in TE overnight at 4° C. 
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Slot blot DNA hybridization analysis 
DNA samples were prepared and loaded onto a slot blot apparatus according to 
standard procedure. LdNPV isolate A21-2 (Bischoff & Slavicek, 1996) was used as a 
viral standard, and an EGT minus viral strain containing a B-galactosidase gene was 
used for an EV standard. Viral standard slots contained 1, 5, 25, or 125 ng of DNA. 
Duplicate slot blots were prepared. A lac-Z gene probe was prepared by isolating a 
Kpnl - BamHI 3.5 kb DNA fragment from mDB109 that covers the LdNPV genomic 
region from 64.5 to 68.0 kb. The probe fragments were labeled with a nick translation 
kit from Bethesda Research Laboratories and [a -32P] dCTP from New England 
Nuclear. Hybridizations and washings were carried out under standard high- 
stringency conditions. Slot blot analyses were performed on samples from the 1993 
and 1994 field seasons. 
PCR analysis 
Primers (described below) were designed for use in the polymerase chain 
reaction that would only generate a PCR DNA fragment in the presence of the EV. A 
fragment was not produced in the presence of the wild-type lac-Z gene. Primers were 
also designed that would amplify a DNA fragment in the presence of wild type virus. 
Primer A: GTCGATTTCCGCAACTAATC 
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Primer A binds to the region form 92 to 111 bp upstream from the polyhedrin 
gene translation start site. This primer will bind to LdNPV containing wild-type and 
Lac-Z genes. 
Primer B: CGCCACGAACTTGTAGCATC 
Primer B binds to the region from 395 to 414 bp downstream from the 
polyhedrin gene translation start site. This primer will bind to LdNPV containing 
wild-type and Lac-Z genes. 
Primer C: GCAATAATGCCTTTCCATTG 
Primer C binds to the region from 280 to 299 bp in the xanthine-guanine 
phosphoribosyl-transferase (gpt) gene (Mulligan & Berg, 1981). This primer will bind 
only to LdNPV containing the Lac-Z gene. 
Sample DNA isolated as described above was used for PCR analysis. PCR 
reactions in a total volume of 25 pi contained 50 mM MgCl2, 0.05 nM primer A, 0.05 
nM primer B or C, 0.2 nM of each dNTPs (Promega), 0.5 units Taq DNA polymerase 
(Boehringer Mannheim), approximately 3 ng of viral DNA, and one drop of sterile 
mineral oil. PCR amplifications, carried out in a Perkin Elmer thermal cycler, were 
initiated with a denaturation step at 94° C for 3 minutes. We then ran forty cycles of 1 
m at 94° C, 1 m of 45° C, and 1 m at 72° C. DNA amplification products were 
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separated by agarose gel electrophoresis using 1.5% gels, and visualized after staining 
with ethidium bromide. PCR analyses were performed on samples from the 1993 and 
1994 field seasons. 
Restriction endonuclease analysis 
Viral DNA was digested with Bglll according to the manufacturer’s 
specifications, and the fragments were separated by agarose gel electrophoresis and 
visualized after staining with ethidium bromide. Restriction endonuclease analyses 
were performed on samples from the 1993 field season only. 
Analyses of Bark. Leaf Litter, and Soil Samples 
Collection of samples 
Samples were collected from the EV plot and control plot in December of 
1993, 1994, and 1995. Bark samples were collected at a height of ca. 1.5 m above 
ground on the north side of 10 randomly selected trees within a 20 m radius of the 
center of each plot. Shavings from ca. 20 cm were scraped into a 0.5 1 sterile 
polyethylene Whirl-pak bag (Nasco). Litter and soil samples were collected at 10 m 
intervals along north-south and east-west transects to a distance of 50 m from the 
center of each plot. At each sample point (n=20) leaf litter covering ca. 50 cm was 
removed down to the soil layer and placed in a Whirl-pak bag. Soil immediately 
below the litter sample was collected to a depth of 15 cm using a 2 cm diameter 
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stainless steel soil recovery probe (Oakfield Apparatus Co., Oakfield, WI). The top 
2.5 cm of each soil core was removed to a whirl-pak bag; the remaining 12.5 cm 
(bottom) was placed in a separate bag. Samples were stored a 4° C until bioassayed. 
Sample preparation 
Samples taken within a plot were sub-sampled, pooled, and prepared for 
bioassay using slight modifications of procedures described by Podgwaite et al. 
(1979). Two g of each bark sample were placed in 200 ml of sterile, aqueous 0.01 
Triton X-100 (Sigma) and blended at high speed for 1 min in a commercial 1 1 Waring 
blender. The blended bark suspension was poured through cheesecloth into a 250 ml 
polypropylene centrifuge bottle and held at 4° C for 16 h. The suspension was 
vigorously shaken for 1 min, and spun at 12,000 Xg for 30 min. The pellet was held at 
4° C until resuspension in 5 ml sterile distilled water immediately before bioassay. 
Litter sub-samples (5.0 g) were similarly pooled and extracted. Soil sub-samples (2.5 
g) were pooled and suspended in 200ml of the Triton X-100 solution. Soil 
suspensions were not blended but were vigorously shaken for 1 min, poured through 
cheesecloth, and let stand at 4° C for 16 h. Suspensions were again shaken vigorously 
for 1 min and let stand for 2 min, decanted into a 250 ml centrifuge bottle and spun at 
12,000 X g for 30 min. The pellets were recovered and resuspended as above. 
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Bioassavs of bark, leaf litter, and soil samples 
Larvae used for bioassays were of the lab-reared strain (New Jersey, F39.41) 
maintained in the Forest Service Rearing Facility, Hamden, CT. One ml of pellet 
suspension from a given pooled sub-sample was evenly distributed onto the surface 
(38.5 cm2) of synthetic diet (Bell et al. 1981) that was dispensed into a 180 ml plastic 
cup. Ten newly-molted second instars were placed in each cup and reared in a growth 
chamber for 16 d at 29° C and a 16:8 (L:D) photoperiod. Five replicates of 10 larvae 
were fed uncontaminated diet (controls). Dead larvae occurring over the course of the 
assay were individually placed in sterile 1 oz plastic cups and held at -20° C prior to 
analyses for viral genotype. 
Additional Experiments 
Monitoring the fate of initially-infected eggs 
To assess the effectiveness of our virus release method, we prepared 10 mesh 
bags with packets of infected and uninfected eggs as described in the paragraph on 
virus release above. We placed 1 of these bags on a branch of each of 10 black oak 
trees immediately outside the test plot. The bags were cut down in groups of 2 to 4 
bags on 4 dates between 28 May 1993 and 18 June 1993 and brought to the lab (Table 
5.1). Forty-five to fifty of the hatched larvae found alive in these bags were reared 
individually and tested with X-gal as described above. 
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Confined virus transmission test. In order to show that viable EV was 
present after the initial release, on 21 June 1993 we began a transmission experiment 
on the tree branches in the test plot that had served as release branches; i.e., branches 
that had formerly been confined in mesh bags with eggs (and then hatched larvae) 
infected with the EV. We chose 1 release branch on each of ten randomly chosen 
release trees in the center of the test plot. Using a mesh bag we confined twenty-five 
healthy third-instar gypsy moths on each branch. These were allowed to feed on 
foliage for 1 w, after which bagged branches were cut from the trees and brought to 
the lab (D’Amico & Elkinton 1995). Larvae were then reared separately and 
monitored for mortality. We assayed dead larvae for B-galactosidase activity as 
described below, and also necropsied dead larvae under 400x light microscope to 
determine whether or not POBs were also present. 
Results and Discussion 
Soon after the field trial had begun in 1993, we noted that much larger 
percentage of collected larvae were testing positive for B-galactosidase activity than 
had been expected. Many of these larvae were collected in the control plot. After 
dissection, a high proportion of the gypsy moth larvae testing positive were found to 
be parasitized by the braconid wasp Cotesia melanoscela, a common parasitoid of 
gypsy moth early instars throughout eastern North America. Adult C. melanoscela 
females inject an egg into the body cavity of the host, where a single larva develops 
for ca. 16 days. The larval parasitoid then leaves the host to pupate; pupal wasps are 
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found in white silken cocoons, usually near the abandoned host (which may continue 
to live for days or weeks). When we tested pupal C. melanoscela for B-galactosidase 
activity in X-gal, as described for collected gypsy moth larvae, 100% of 30 
individually tested pupae turned blue within 48 h. We also tested 20 gypsy moth 
larvae that had previously contained a larval C. melanoscela; 60% of the gypsy moth 
larvae turned blue within 48 h. Although B-galactosidase is not produced by 
organisms associated with dead gypsy moth larvae in the laboratory (Wood 
unpublished data), the community of saprophytic and parasitic fauna in the field is 
obviously much larger. Such diversity increases the likelihood that an associated 
organism will produce, for whatever reason, either B-galactosidase or an enzyme with 
similar properties. It is highly likely that Cotesia melanoscela is such an organism, or 
that C. melanoscela contains an organism (such as Eschirichia coli in humans) that 
produces B-galactosidase. Because parasitized gypsy moth larvae responded as false 
positives to the X-gal assay, they were not tested using the x-gal protocol after 1993. 
Instead, polymerase chain reaction, slot blot DNA, and restriction endonuclease 
analyses were used to verify presence or absence of the EV. Despite its ease of use, 
the lacZ marker is clearly inappropriate for use under field conditions that allow 
parasites and pathogens access to test insects. 
Results and comments specific to each of the three field seasons are presented 
below. 
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1993 Field Season 
Monitoring the fate of initially-infected larvae 
The larvae hatching from infected and uninfected eggs released within mesh 
bags died of the EV regardless of the date on which they were sampled (Fig. 5.2). In 
the week prior to removal of the bags, a mean of 35% of the larvae within bags were 
infected with the EV, although 50% were hatched from initially-infected eggs. At no 
point did infection levels reach 50%. This indicates that the process of infection may 
have had a detrimental effect on egg or larval survival. Whether or not this was the 
case, the results of this monitoring experiment, along with the results of the 
transmission experiment described below, make it clear that our virus release method 
was successful. 
Confined virus transmission test 
Larvae confined within mesh bags on engineered-virus release branches either 
survived, or died of LdNPV. There was no parasitism of these test larvae or mortality 
from non-LdNPV causes; because mesh bags successfully prevented access to larvae 
by adult parasites. All virus-killed larvae fell into 3 categories regarding presence of 
B-galactosidase and presence of POBs (here given as a proportion of all test larvae); 
larvae containing B-galactosidase only (0.101, ±SE 0.032), larvae containing POBs 
only (0.057, ±SE 0.015), and larvae containing both B-galactosidase and POBs (0.29, 
±SE 0.052) [Table 2, Fig. 3]. Clearly, our release methodology resulted in foliage 
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contamination that was capable of serving as a source of inoculum of the EV; a total 
of 39% of healthy test larvae feeding on foliage within release branches tested positive 
for B-galactosidase in the absence of non-LdNPV mortality. 
Larval Collections 
Release of the test population (as eggs) in 1993 was delayed for ca. 10 d 
because of rainy weather. We believed that excessive dampness of the release packets 
would cause mold to form on eggs, and saturation of packets would drown eggs and 
larvae or wash off virus inoculum (Dwyer et al. unpublished data). Although neonate 
larvae can establish and thrive on foliage for several weeks following budburst 
(Hunter 1993), larvae in our test population were younger and therefore smaller than 
gypsy moths in a naturally-occurring population would have been. The smaller size of 
these “late” larvae allowed for an extended window of attack by C. melanoscela, 
resulting in mortality as described above. This extremely high rate of parasitism 
occurred only in 1993. As a result, the test population in 1993 was not large enough to 
allow us to create a large epizootic in the release plot, and only a small number of the 
larvae collected were killed by the EV. None of these insects were found more than 
50 m from the center release sector (Fig. 5.1), indicating that spread of the virus was 
minimal. 
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1994 Field Season 
Larval collections 
We doubled the density of eggs used to create the test population in 1994, and 
these eggs were released so that they hatched concurrently with the naturally-occurring 
population on Cape Cod. This resulted in establishment of populations similar in 
density to those seen in gypsy moth outbreaks. Complete defoliation of oak trees 
within the plots was observed by June 1994. Because of the high density of larvae 
present, we felt that we had maximized our chances of detecting persistent virus that 
had overwintered from 1993. 
No EV was detected in the larvae that turned blue in the B-galactosidase assay, 
even though larvae parasitized by C. melanoscela or tachinid flies were excluded from 
the assay (Fig. 5.5). This suggests that another organism associated with dead larvae, 
perhaps a fungus or bacterium, may also produce a false positive result in the B- 
galactosidase assay. Whatever the cause of false positives, the density of our test 
population and our DNA analyses gave us confidence that the virus did not 
successfully overwinter. 
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1995 Field season 
Larval collections 
As in 1994, eggs used to create the test population in 1995 were released so 
that they hatched concurrently with the naturally-occurring population. The resultant 
populations again reached densities similar to those seen in gypsy moth outbreaks, and 
levels of parasitism were again relatively low. Some defoliation of oak trees was 
observed by June, although not to the same extent as in 1994. No unparasitized larvae 
tested positive in the B-galactosidase assay in 1995 (Fig. 5.6); therefore no DNA 
analyses were performed on any field-collected larvae in 1995. 
Bioassays of bark, leaf litter, and soil samples 
Larvae challenged with extracts of bark, leaf litter, and soil in the plots died of 
wild-type LdNPV (Fig. 5.7). According to PCR analyses of dead larvae, none 
contained the genetically-engineered form of the virus. Top soil and bottom soil 
extracts killed the fewest larvae overall, less than 6% in either plot in any year. Bark 
extracts killed the greatest number of test insects. The bark of trees is a known refuge 
for LdNPV, although typically virus is protected through the winter by an egg mass 
(Murray & Elkinton 1989). The presence of LdNPV in samples from 1994 and 1995 
presumably resulted from increased mortality from wild-type virus in the denser 
populations that we created in those years. Because wild-type LdNPV was co¬ 
occluded with the EV, and was better able to overwinter, this was expected (Hamblin 
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(Hamblin et al. 1990). In conclusion, we have no evidence suggesting that EV 
persisted in the population of gypsy moths that we created. 
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Table 5.1. Fraction of larvae within ten initial virus release bags dying, and testing 
positive for the presence of 13-galactosidase. Bags were cut down on various dates in 
May and June and ca. 45 larvae from each were reared individually, checked for 
mortality, and tested using the X-gal assay. 
Tree Date Sampled Number of 
Larvae Sampled 
Fraction Dying Fraction Dead 
Positive for 13-gal 
1 28 May 1993 45 0.86 0.12 
2 28 May 1993 45 0.88 0.25 
3 31 May 1993 50 0.92 0.27 
4 31 May 1993 45 0.65 0.5 
5 31 May 1993 50 0.7 0.21 
6 31 May 1993 40 0.95 0.32 
7 11 June 1993 40 0.72 0.51 
8 11 June 1993 45 0.82 0.51 
9 18 June 1993 46 0.38 0.7 
10 18 June 1993 45 0.5 0.75 
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Table 5.2. Results of light microscopy necropsy and X-gal assay of larvae confined on 
virus release branches of black oak trees for 1 week in June, 1993. Larvae were reared 
individually for two weeks after being removed from foliage; only larvae dying during 
that time were necropsied and assayed. 
Tree Number 
of Larvae 
Sampled 
Fraction 
Dying 
Fraction of Dead 
Positive for 6-gal 
only 
Fraction of 
Dead 
Containing 
POBs Only 
Fraction of 
Dead 
w/ POBs & 
6-gal 
1 25 0.72 0.83 0.72 0.72 
2 25 0.56 0.71 0.64 0.43 
3 23 0.65 0.73 0.27 0.2 
4 25 0.48 0.67 0.58 0.33 
5 24 0.71 0.88 0.94 0.82 
6 25 0.28 0.86 0.86 0.86 
7 25 0.56 0.57 0.57 0.43 
8 24 0.38 0.78 0.78 0.56 
9 25 0.6 0.8 0.8 0.73 
10 25 0.24 0.5 0.5 0.5 
mean 0.52 0.73 0.67 0.56 
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Table 5.3. Number of dead gypsy moth larvae1 in bioassays of bark, litter, and soil 
samples collected from an engineered virus release plot and control plot in 1993, 1994, 
and 1995. 
Release 
1993 
Control Release 
1994 
Control Release 
1995 
Control 
Bark 1 0 38 40 18 22 
Leaf Litter 1 1 24 23 0 17 
Top Soil 1 0 1 1 3 1 
Bottom soil 1 1 3 2 2 0 
1 Fifty larvae tested for each sample 
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1993 
21 July 
1993 
1993 1993 
1993 1993 
North 225 meters 
Figure 5.1. Sectors of the virus release plot in which the presence of genetically- 
engineered LdNPV was verified in 1993 (the release year); results are shown for each 
week of larval collection. Release plot consists of a center circle 25 m in diameter 
surrounded by four rings 25 m wide divided in the eight compass directions. Both 
release plot and control plot were 225 m in diameter at their widest point. Eggs 
released to produce the test population were released within a 100 m (1 ha) square in 
the center of each plot. 
Ill 
28 May 31 May 11 June 18 June 
Date larvae removed from bag 
Figure 5.2. Fraction of larvae within ten initial virus release bags testing positive for 
the presence of 13-galactosidase. Bags were cut down on various dates in May and 
June and ca. 45 larvae from each were reared individually, checked for mortality, and 
tested using the X-gal assay. 
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Figure 5.3. Results of light microscopy necropsy and X-gal assay of larvae confined 
on virus release branches of black oak trees for 1 week in June, 1993. Larvae were 
reared individually for two weeks after being removed from foliage; only larvae dying 
during that time were necropsied and assayed. 
113 
Fr
ac
tio
n 
o
f c
o
lle
ct
ed
 
la
rv
ae
 
Test plot, 1993 
Control plot, 1993 
Virus pellet 
+B-gal 
Tachinids 
C. melanoscela 
9-Jun 17-Jun 23-Jun 1-Jul 7-Jul 15-Jul 21-Jul 
Date of collection 
Figure 5.4. Mortality of collected larvae by week, 1993. Fraction of collected larvae: 
parasitized by Cotesia melanoscela (Braconidae: Hymenoptera), parasitized by 
tachinid Diptera, and testing positive for 13-galactosidase in the X-gal assay. 
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Figure 5.5. Mortality of collected larvae by week, 1994. Fraction of collected larvae: 
parasitized by C. melanoscela, parasitized by tachinid Diptera, testing positive for 6- 
galactosidase in the X-gal assay, and containing polyhedral occlusion bodies as 
determined by light microscopy. 
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Figure 5.6. Mortality of collected larvae by week, 1995. Fraction of collected larvae: 
parasitized by C. melanoscela, parasitized by tachinid Diptera, testing positive for 13- 
galactosidase in the X-gal assay, and containing polyhedral occlusion bodies as 
determined by light microscopy. 
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Figure 5.7. Mortality of larvae challenged with extracts from top soil, bottom soil, tree 
bark, and leaf litter in virus release and control plots, 1993, 1994, and 1995. 
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